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Introduction. 

These  studies  were  undertaken  for  the   purpose 
of  determining  the  limits  of  vertical  migration  of  hook- 
worm larvae  under  various   conditions  and  the   object  vms 
to  obtain  information  v;hich  could  be  applied  to  the   sol- 
ution of  problems  in  hoolcTorm  control.      Preliminary  ex- 
periments iTore   carried  out  in  Trinidad  from  I1a.y  to  Decem- 
ber,  1921.      These  experiments  were  extended  and  studies 
under  field  conditions  vrere  added  in  Porto  Rico  during 
the  surjner   of  1922.      The  results    of  these  two  series  of 
experiments  are  incorporated  in  parts   I  and  II  of  this 
paper . 

The  results   of  the  preliminary  series   of  ex- 
periments  shotred  the  need  of  a  more  accurate  kno^iledge 
of  the  physical  and  biological  factors  involved  in  mi- 
gration,  particularly  trith  regard  to  the  stimuli  vrhich 
initiate  the  activity  and  the  mechanism  by  which  it   is 
accomplished.     The   third  section  of  this  paper  deals  vrith 
these  points.      In  the  preliminary  experiments   it  Vifas  deter- 
mined that  active  migratior.  very  rapidly  reduced  the   stored 
nutritive  material  in  the   larvae.      The  experiments  reported 
in  the  fourth  part  of  the  paper  T/ere  undertaken  to  determine 
the  effect   of  this  reduction  in  the  supply  of  nutritive 
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matorial  on  the   power   of  the   larvae  to  establish 
themselves   in  the  host. 

The  parts  of  the  paper  are  as  f  ollovfs : 

Part   I,  Vertical  Migration   of  Infective 

Hoolnrforn  larvae  in  the  Soil. 
Part   II.   Field  Sxpericionts  on  Vertical 

rigration  of  HookiTorn  Larvae. 
Part   III.   Studies   on  Factors  involved 

in  Migration   of  Hook-n-orin  larvae 
in  Soil. 
Part  IV.   The  PLelationship  of  Physiological 
Age  of  Hookvom  Larvae  to  their 
Ability  to  Infect  the  Human  Host, 
The  author  vrish^s  to  make  grateful  acknowledg- 
ment to  Dr.  T7.  T^.    Cort ,   for  assistance  and  counsel  in  the 
prosecution  of  these  studies.     Much  help  was  given  by  all 
menbers   of  the  Trinidad  and  the  Porto  Rico  expeditions. 
Special  acloiovrledgment   is   due  to  Mr.  N.   R.Stoll  and  to  Dr.  W.   A. 
Cobb  for  assistance  which  is   described  in  the  text.      Dr.   Joseph 
S.   Ames  and  Dr.  Mlliam  H.   Howell  gave  helpful  advice  in  the 
interpretation  of  observations  with  physical  and  physiological 
relationships. 
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I.  VERTICAL  MIGRATION  OF  INFECTIVE  HOOKWORM  LARVAE  IH  THE 
SOIL  IN  TRINIDAD,  B.  W.  I. 

Introduction. 

There  have  been  a  number  of  studies  of  the  migration 
of  hookfTorm  lanrae  on  the  surface  of  soil  and  on  the  .rails  of 
mine  shafts,  but  invest igat ions  of  their  travels  beneath  the 
surface  have  been  hampered  by  the  lack  of  adequate  means  of 
isolating  them  from  surrounding  media.  The  development  of  a 
successful  method  of  isolation  (Cort,  Augustine,  Ackert  and 
Payne,  1922;  Baennann,  1917)  has  given  an  opportunity  for  the 
pursuit  of  studies  of  such  migrations. 

The  vertical  migrations  of  hookworm  larvae  may  affect 
practical  hookworm  control  in  two  chief  imys:  First,  by  the 
possible  retirement  of  the  larvae  during  dry  -.reather  from  the 
surface  to  zones  of  mora  moisture.  Second,  by  the  possible 
migration  ummrd  of  larvae  irhich  are  beneath  the  surface. 
Studies  of  such  migrations  should  assist  in  the  evaluation 
of  methods  of  excrement  disposal,  especially  where  burial 
is  oracticed  or  pit  latrines  are  used.  The  present  study 
considered  onlj*  the  second  phasB  of  vortical  migration.  Bach 
extDeriment  vris  based  on  the  assumption  that  excrement  containing 
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fully  devolopad  larvae  had  been  buried  at  a  knovm  distance 
beneath  the  surface.  The  object  was  to  determine  whether 
larvae  were  likely  to  reach  the  surface  in  sufficient  num- 
bers to  produco  an  infective  focus. 

Methods . 

Samples  of  the  three  tj'-pes  of  soil  which  were  used 
were  obtained  in  quantities  of  fifty  pounds  to  one  hundred 

pounds.  Each  was  thoroughly  mixed  to  obtain  uniform  dis- 
tribution of  the  various  constituents.  Portions  of  each 
sample  wore  dried  at  a  temperature  of  about  60°  C.  and  were 
pulverized.   It  was  dett^rmined  by  experiment  that  drying  at 
this  temperature  was  sufficient  to  kill  any  nematodes  or 
larvae,  but  was  not  high  enough  to  char  organic  matter. 
The  dried  soil  was  kept  as  the  stock  from  which  material 
for  the  various  experiments  was  obtained. 

Containers  for  the  experiments  were  of  various 
sizes.  The  ones  most  used  were  tin  sleeves,  about  three 
inches  in  diameter  and  five  inches  high.  They  v/ere  sli^^htly 
tapered  so  that  two  or  more  could  be  joined  to  obtain  add- 
itional length.  Other  containers  of  various  sizes  and  forms 
7/ere  used  in  a  feir  experiments  and  vrill  be  described  with  thom. 
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Sxcept  where  otherwise  speoified,  only  vrell  developed 
Necator  americanus  larvae  were  used.  The  methods  of  culture  and 
of  isolation  of  the  larvae  have  been  given  in  an  earlier  paper 
of  this  series  (Cort,  et  al.,  1922).   In  nearly  all  experiments 
the  larvae  were  counted  and  were  placed  in  a  thin  layer  of  moist 
soil  on  the  bottom  of  the  container. 

The  determination  of  the  extent  of  upvrard  migration 
accomplished  by  the  larvae  was  made  by  removing  the  soil  from  the 
container  in  layers  of  measured  thickness.  Each  layer  vras  placed 
in  an  isolation  apparatus  and  the  larvae  were  recovered  from  it 
according  to  the  method  to  which  reference  has  been  made.  The 
larvae  recovered  from  each  layer  were  counted. 

Experimental  'York. 

Experiments  wore  conducted  to  test  the  effect  of  the 
following  factors  on  the  upward  migration  of  hoob-Torm  larvae: 

1.  Moisture  content, 

2.  Conditions  simulating  the  rise  of 

ground  water. 

3.  Type  of  soil. 

Another  series  of  experiments  was  made  to  study  the 
disappearance  of  nutritive  material  from  the  bodies  of  the  l8.rvae 
at  various  stages  of  migration* 
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The  first  experiments  -srera  designed  to  test  the 
effect  on  vertical  migration  of  different  degrees   of  moisture, 
unifonnly  distribtrted  through  the  soil.      In  all   of  these  ex- 
periments  soil  from  the  sarae  lot  was  used.      It  v/as  typical 
of  the  soil  in  the  region  of  Princes'   Tovm  and  was  made  up  of 
a  mixture  of  marl,  clay,  and  humus.     For  convenience  it  is 
designated  in  the  description  of  the  present  experiments  as 
"garden  soil."     The  standard  tin  sleeve  containers  irere  used. 

The  experiments  -ivere  performed  during  the  rainy 
season  and  specimens  of  soil  obtained  from  fields  vfhich  -ffrere 
knCT.Tn  to  hai'bor  hookworm  larvae  contained  from  35.5  to  48.7 
per  cent,   of  water.      In  the   laboratory,  however,   it  was  found 
impracticable  to  prepare  a  mixture  of  dried  soil  and  water  with 
uniform  distribution,   in  .rhich  there  was   less  than  40  per  cent, 
of  Tsrater,      In  the  experiments  vrith.  vmterlogged  soil  the  earth 
was  saturated  throughout,  and  additional  vmter  vms  added  so  that 
the  surface  of  the   sample  v/as  alvfays  submerged. 

Table   1  shotvs  the  results  of  a  series   of  ten  exper- 
iments which  were  made  to  test  the  Influence   of  the  moisture 
content   on  vertical  migration  of  hoolrworm  lairvae.      From  specimens 
of  which  the  moisture  content  was  40  to  42.7  per  cent,    (Table  1, 
Experiments  1-7),   1877  larvae  were  recovered.     Of  these,   1798  or 
95.7  per  cent,  were  in  the  lovrest  inch  of  the  specimen;  that  is. 
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in  the  periods  of  four  to  thirteen  days  betvroGn  inocu- 
lation and  recovory  there  was  no  evidence  of  effective 
migration.  From  the  specimen  left  for  nine  days,  only 
6  per  cent,  of  the  larvae  originally-  used  were  recovered, 
and  from  the  specimen  left  for  thirteen  days  no  latrvae 
were  recovered. 

From  specimens  which  were  water-logged  (Table 
1,  Experiments  8-10),  175  larvae  were  recovered.  Of  these, 
only  8  had  migrated  more  than  three  fourths  of  an  inch. 
The  supernatant  v/ater  on  these  specimens  was  examined  daily 
for  larvae  and  none  was  found  in  any  experiment.  It  would 
appear  that  the  death  rate  in  these  specimens  vras  high. 

The  failure  of  extensive  migration  to  occur  under 
conditions  of  relatively  uniform  distribution  of  moisture  led 
to  the  attempt  to  siimilate  some  conditions  existing  in  nature. 
Various  efforts  were  made  to  bring  about  experimental  condit- 
ions v/hich  v/-ould  resemble  those  existing  in  the  soil  during 
the  rise  of  ground  T;ater  from  the  water  table  to  the  drying 
surface . 

In  experiment  No.  11  (see  Table  2), dry  soil  was 
placed  in  a  glass  tube  three  eighths  of  an  inch  in  diameter 
to  a  depth  of  three  and  one-half  inches.  More  than  one  thousand 
larvae  were  placed  in  the  Icnrer   end  on  a  little  moist  earth. 
This  end  was  closed  with  a  stopper  into  which  was  inserted  a 
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very  slender  glass  tub©  bent  in  the  form  of  a  U.  The 
tube  of  earth  -vras  then  placed  in  a  vertical  position.  '.Vater 
was  introduced,  a  few  drops  at  a  time,  through  the  U  tube. 
Care  Tra.s  taken  that  the  level  of  the  water  in  the  U  tube 
should  not  be  higher  than  the  lower  end  of  the  column 
of  earth  in  the  larger  tube.   In  the  course  of  a  few  hours 
\mter  had  permeated  throughout  the  soil.  Of  345  larvae  which 
were  found  in  the  top  one  fourth  of  an  inch  of  the  earth  on 
the  follcwing  day,  117  were  recovered  from  the  uppermost  lump 
of  earth  which  measured  about  one  eighth  of  an  inch  in  diameter. 
In  experiment  No.  12  (see  Table  2),  one  of  the  stan- 
dard tin  sleeves  vms  used.  This  v.'ds  set  on  a  flat  tin  surface 
and  the  larvae  v/ere  placed  in  the  bottom  in  a  bit  ofmoist 
earth.  Dry  earth  was  then  poured  into  the  sleeve  to  a  depth 
of  four  inches,  and  in  thecenter  additional  earth  was  piled 
to  form  a  cone  one  half  inch  in  height.  A  little  water  was 
placed  on  the  flat  surface  outside  the  container,  and  it  v;as 
renewed  as  rapidly  as  it  was  taken  up  by  the  soil.  The  surface 
of  til©  soil  in  this  container  was  examined  from  day  to  day. 
After  twenty-four  hours  it  was  estimated  that  about  300  larvae 
could  be  found  with  a  binocular  microscope.  The  container  iiras 
kept  open  and  no  attempt  was  made  to  prevent  drying  of  the  sur- 
face. After  a  fevf  days  only  empty  sheaths  \iere   visible  on  the 
surface  of  the  higher  lumps  of  earth,  while  larvae  could  be  seen  at 
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Icnrer  levels.  A  control  experiment  was  conducted  in  the  same 
manner,  but  without  larvae,  and  on  the  eighth  day  the  moisture 
content  of  the  soil  v.'as  found  to  be  42.3  per  cent. 

In  order  to  eliminate  the  possibility  of  larvae  ascend- 
ing the  iralls  of  the  container  instead  of  migrating  through  the 
earth,  experiment  No.  13  (see  Table  2)   vms  porformed,  with  a  con- 
tainer five  inches  square.  This  experiment  was  carried  out  in 
the  same  manner  as  No.  12,  but  drying  for  such  a  long  time  Kas 
not  permitted. 

In  experiment  No.  14  (see  Table  2)   there  was  used  a   deep- 
er  layer  of  earth  than  in  the  previous  experiments,  and  in  order 
to  obtain  a  continuous  water  column  from  the  bottom  to  the  top,  it 
was  necessary  to  moisten  the  top  layers  of  earth. 

In  the  four  experiments  recorded  in  Table  2  migration 
was  moro  succeisful.  Of  1094  larvae  recovered,  only  165  or  15.1 
per  cent,  were  found  within  one  inch  of  the  bottom  of  the  container. 
814  or  74.4  per  cent,  had  migrated  three  inches  or  more  before  re- 
covery; 235  had  migrated  four  inches  or  moro,  and  169  five  inches 
or  more.  The  greatest  distance  noted  was  in  the  case  of  tloree 
larvae,  in  experiment  No.  14,  which  were  recovered  from  zone  seven 
and  one  half  to  eight  and  one  half  inches  from  the  bottom. 

The  experiments  which  have  been  described  involved 
studies  of  migration  in  only  one  type  of  soil,  and  this  a  type 
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which  is  common  in  relatively  restricted  areas.   In  order  to 
determine  whether  migration  might  be  more  successrul  in  other 
soils  a  preliminary  series  of  experiments  was  made  with  two 
others  which  irere  available  at  the  tine.  One  of  these  was 
composed  almost  entirely  of  very  fine  white  sand,  the  other 
was  of  sand  mixed  with  finely  divided  particles  of  red  clay. 
The  experiments  with  soils  were  conducted  in  small  containers 
with  a  depth  of  soil  of  about  t.-ro  inches.   Tha  technique  was 
identical  with  that  described  in  the  experiments  above  which 
simulated  the  rise  of  ground  water,  except  that  the  larvae 
were  not  recovered.  The  success  of  migration  was  tested  by 
frequent  search  for  larvae  on  the  surfaceof  the  soil  by  means 
of  a  hand  lens  or  binocular.  Bach  experiment  was  controlled 
by  a  similar  proparation  in  which  garden  soil  was  used. 

Six  series  of  experiments  were  made  in  the  attempt 
to  establish  conditions  under  -.Thich  successful  migration  would 
occur  in  these  soils.  The  experiments  with  the  vrhite  sand 
were  uniformly  unsuccessful,  Ko  larvae  were  found  on  the  sur- 
face of  this  soil.  In  the  case  of  the  mixture  of  sand  and  red 
clay,  there  were  found  at  the  end  of  twenty-four  hours  in  each 
experiment  a  few  larvae,  but  never  so  many  as  were  seen  on  the 
garden  soil  control. 

The  results  of  the  experiments  rfhich  have  been  des- 
cribed indicate  that  in  the  types  of  aoil  which  have  been  studied 
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vertical  migration  takes  place  through  only  a  limitad  range, 
except  under  the  most  favorable  conditions.  Studies  of  the 
larvae,  used  in  the  experiments,  shcved  that  there  was  little 
or  no  migration,  if  the  food  granules  were  sparse,  and  ana- 
tomical details  were  readily  made  out.  Larvae,  vrhich  in  the 
beginning  were  so  thickly  studded  with  granules  that  vary 
little  internal  structure  could  be  distinguished,  shorvred, 
after  migration  of  a  few  inches  a  great  diminution  in  gran- 
ules and  a  general  apj)earance  similar  to  that  pictured  by 
Looss  (1911)  in  a  larva  reared  in  a  medium  with  insufficient 
nutriment.  These  obsei-Trations  led  to  a  series  of  experiments 
to  study  the  diminution  in  the  nunber  of  granules  in  relation 
to  the  various  distances  migrated. 

Six  different  lots  of  well  developed  and  nourished 
larvae  were  used  for  this  experiment,  and  with  each  lot  sever- 
al preparations  of  different  depths  were  made  according  to 
the  technique  described  for  the  experiments  simulating  the 
rise  of  ground  water.  The  distribution  of  food  granules  was 
studied  in  the  larvae  of  each  lot,  in  the  larvae  which  came 
to  the  surface  of  the  preparations,  and  in  the  larvae  which 
were  recovered  from  various  zones  of  the  deeper  preparations. 
Photomicrographs  were  made  of  tj'pical  larvae  of  each  lot 
and  of  larvae  from  each  stage  of  migration.  The  preparation 
of  the  photomicrographs  was  done  by  Dr.  Geo.  C.  Payne,  and 
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to  Dr.  K,  S.  ITise,  Surge  on -General,  and  Dr.  Baeza,  Acting 
Governraent  Bacteriologist,  for  the  use  of  necessary  apparatus. 

The  experiments  were  conducted  under  fairly  uniform 
temperature  conditions.  Room  temperature  varied  from  about  72 
to  87°  F.  All  experiments  were  carried  through  in  as  short  a 
time  as  v/as  consistent  v.dth  the  height  of  migration  which  was 
desirad.  Even  the  highest  migration  took  place  within  less  than 
a  week  from  the  preparation  of  the  lot,  and  four  days  from  the 
actual  inoculation  of  the  soil.  Portions  of  the  supply  of 
stock  larvae  were  retained  in  each  instance  and  were  kept  in 
clean  water  as  controls  to  sho\T  the  changes  in  the  distribution 
of  food  granules  in  inactive  lai-vae.  Observations  on  the  con- 
trols showed  that  there  v^as  no  appreciable  diminution  in  the 
number  of  food  granules  during  the  period  of  any  experiment. 
In  interpreting  these  experiments  it  is  to  be  understood  that 
the  total  distance  travelled  by  a  larva  is  much  greater  than 
the  vertical  distance  of  apparent  migration.  Hand  lens  studies 
of  the  activities  of  larvae  in  vertical  glass  tubes  containing 
earth  showed  that  a  larva  frequently  traverses  the  same  2one 
many  times  before  finally  leaving  it  for  a  highor  one. 

Diminution  in  the  number  of  food  granules  was  shovm 
after  migration  of  one  inch, which  vras  the  smallest  distance  at 
which  studies  were  made,  and  when  only  eighteen  hours  had  elapsed 
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from  the  time  of  inocrulation.  The  loss  of  granules  v/as  appar- 
entlj'  progressiTT©  and  constant  with  farther  migration  and  with 
the  passage  of  more  time,  so  long  as  activitjr  was  maintained. 
Because  of  the  devious  courses  taken  by  the  larvae  in  their 
travels  there  was  a  certain  amount  of  variation  in  the  dimin- 
ution of  granules  in  larvae  from  the  same  lot  and  the  same 
zone,  but  when  representative  individuals  were  selected  from 
each  zone  the  disappearance  of  the  granules  could  be  follov;ed 
with  a  fair  degree  of  accuracy.   There  ap,  eared  to  be  an  early 
diminution  in  the  mxmber  of  granules  in  the  anterior  portion  of 
the  larvae,  and  this  was  followed  by  an  apparent  increase  in  the 
width  of  the  lumen  of  the  intestine,  probably  due  to  a  decrease 
in  depth  of  the  intestinal  cells.  The  accompanying  figures  show 
a  characteristic  series  of  such  changes  in  larvae  from  one  lot, 
and  from  different  zones  of  migration  up  to  six  and  three  fourths 
inches  (See  Plates  XI  to  XIIJ.Figs.  1-HJ. 

STMMARY. 

1.  In  garden  soil  with  uniform  conditions  of  moisture 
throughout  the  sample  very  few  N.  amerioanus  larvae  migrated  more 
than  two  inches  above  the  point  of  inoculation, 

2.  In  water-logged  garden  soil  there  was  aPi:)arently  a 
very  high  death  rate  and  there  was  little  migration. 

•3,  In  garden  soil  in  which  the  conditions  of  rising 
ground  water  were   simulated  74.4  per  cent,  of  the  larvae  recovered 
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had  migrated  three  inches   or  more,    15.4  per  cent,   had  migrated 
five  inches   or  more  7/hile  a  fev:  had  migrated  more  than  seven 
and  one  half  inches, 

4.  Migration  was  apparentlj'  more  difficult  in  the 
specimens  of  fine  sand  and  the  mixture   of  clay  and  sand  than  in 
the  specimers   of  garden   soil. 

5,  The  food  supply  carried  by  N.   americanus  larvae 
apparently  restricts  the  range  of  their  vertical  migration  to 
narrow  limits,   since  a  distinct  reduction  in  the  granules  in 
the  intestinal  v/all  could  be  noted  after  vertical  migrations 
of  only  an  inch  or  two,  and  almost  a  complete   loss   of  these 
granules,   came  about   in  those  which  had  migrated  for  five   or 
six  inches. 
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HXPLANATION  OE"   PLATES  , 


Plate  XI. 


Fig.   1.      Larva  froia  lot  llo.  4  before  migration,    low-power. 

Fig.   2.      Larva  fron  lot  No.   4,  before  migration,  high-povrer. 

Fig.   3.      Larva  from  lot  Ko.   4,   after  migrating  a  vortical  dis- 
tance of  tvro  inches,   low -power. 

Fig.   4.      Larva  from  lot  No.   4,   after  migrating  a  vertical  distance 
of  two  inches,  high-power, 

Plate  XII. 
Fig.   5.      Larva  from  lot  Wo.   4,   after  migrating  a  vertical  distance 

of  three  and  one  half  inches,   low-power. 
Fig.   6.      Larva  from  lot  No.   4,   after  migrating  a  vertical  distance 

of  three  and  one  half  inches,  high-power. 
Fig.   7.      Larva  from  lot  No.   4,   after  migrating  a  vertical  distance 

of  four  and  one  half  inches,  low-power. 
Fig.  8.   Larva  fron  lot  No.  4,  after  migrating  a  vertical  distance 
of  four  and  one  half  inches,  high-power. 

Plate  XIII. 
Fig.   9,      Lajrva  from  lo:.  No.   4,   after  migrating  a  vertical  distance 

of  six  and  one  half  inches,   low-porfer. 
Fig.   10.      Larva  from  lot  No.  4,  after  migrating  a  vertical  distance 

of  six  and  three  quarters  inches,     lovr -power. 
Fig.    11.      Larva  from  lot  No,   4,   after  migrating  a  vertical  distance 

of  six  and  three  quarters   inches,  high-povTer, 
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II.   FIELD  EXPERBENTS  ON  VERTICAL  MIGRATION  OF  HOOMORM 
LARVAE  IN  PORTO  RICO. 


Introduction. 

The  efficiency  of  certain  methods  of  hookvrom  control 
depends  on  the  inability  of  hookvi-orm  larvae  developing  at  the 
point  of  disposal  of  the  excrement  to  migrate  to  locations 
••Thence  they  may  be  transferred  to  man.  This  is  notably  true 
of  methods  which  involve  the  burial  or  trenching  of  excrement 
collected  in  latrines  of  the  pail  type.  This  system  is  in 
use  in  many  countries  within  the  zone  where  hoolr.-orm  disease 
is  prevalent.   It  has  seldom  been  questioned  that  careful 
burial  of  infective  night  soil  would  effectively  eliminate 
all  sources  of  danger.  Dershimer,  however,  reported  finding 
larvae  on  the  surface  of  soil  in  trhich  feces  were  said  to  have 
been  buried  at  a  depth  of  two  feet  or  more  (Annual  Report, 
International  Health  Board,  1919,  p.  118 j.  Ashford  and  Gut- 
ierrez Igaravidez  (1911,  p.  112 j  noticed  a  very  severe  infest- 
ation in  a  negro  who  was  employed  to  bury  the  night  soil  from 
an  anemia  hospital.  The  psitient  himself  attributed  his  in- 
fection to  that  "hole  in  the  ground." 

In  1921  an  investigation  vras  bej^n  in  Trinidad,  Brit- 
ish TTest  Indies,  to  determine  from  v;hat  depth  infective  hookvrorm 
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larvae  would  migrate  to  the  surface  (Payne,  1922 J.   In 
this  investigation  three  types  of  soil  were  used.  One, 
a  loam  in  v/hich  there  '.Tas  much  clay,  the  other  tvi-o,  mix- 
tures of  clay  and  fine  sand.  The  experiments  were  all 
conducted  in  the  laboratory  and  only  mature  hookvrom  larvae 
were  used.  It  was  noted  in  these  investigations  that  mig- 
ration proceeded  more  readily  -when  there  was  definite  up- 
ward movement  of  the  vmter  coliunn.  Under  the  most  favorable 
conditions  attained  in  these  experiments  the  highest  migration 
accomplished  was  eight  and  one  half  inches  above  the  level  of 
bu--ial. 

During  the  stum  er  of  1922  a  series  of  laboratory  ex- 
periments like  those  conducted  in  Trinidad  was  ber;un  in  Utuado, 
Porto  Pdco,  using  a  sandy  loam  soil  of  a  type  which  is  very 
common  in  Porto  Rico.  Mature  larvae  of  W,  ajnericanus  were 
used.  For  these  experiments  there  were  used  glass  tubes  about 
tvro   inches  in  diameter  and  four  inches  in  length,  in  which  the 
progress  of  moisture  and  of  migrating  larvae  could  be  observed. 
For  the  longer  distances  of  migration  the  tubes  were  joined  in 
vertical  columns  of  the  desired  length.  The  larvae  were  placed 
on  a  layer  of  soil  tvro  inches  deep  ir  the  botlom  of  the  column 
and  dry  soil  was  poured  over  them  to  the  required  depth  and  v/as 
lightly  tamped.   The  soil  was  then  slowly  moistened.   It  vra.s 
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observed  that  the  larvae  migrated  through  this  soil  with 
ease.  In  one  case  larvae  were  buried  at  a  depth  of  six 
inches  on  July  21  at  6:30  and  on  July  22  at  7:30  A.  M.  or 
thirteen  hours  after  biirial  larvae  were  nuiierous  on  the  sur- 
face. Larvae  buried  at  a  depth  of  ten  inches  on  July  21  ap- 
peared on  the  surface  July  23.  These  obsex-vations  indicated 
that  it  v;as  imperative  that  investigations  should  be  carried 
out  on  a  scale  and  under  conditions  that  7/ould  simulate  actual 
practice  in  the  disposal  of  excrement  by  burial.  Therefore  a 
series  of  field  experiments  was  planned  in  which  vertical  mi- 
gration could  be  tested  in  tubes  of  large  size  and  with  large 

numbers  of  larvae. 

Methods . 

In  the  field  experiments  every  effort  was  made  to 
test  conditions  v/-hich  7;-ould  be  met  in  actual  practice  in  the 
disposal  of  human  excrement  by  burial.  Two  plots  of  ground 
were  selected.  The  first  was  in  a  garden  and  v/as  exposed  to 
the  sun  throughout  the  day,  All  vegetation  was  cleared  from 
this  plot.  The  second  was  in  a  field  in  which  a  forage  grass 
was  cultivated.  This  grass  was  very  thick  and  reached  a  height 
of  seven  feet  or  more.  As  a  result  the  soil  between  the  rorr;s  of 
grass  was  alvrays  in  deep  s'lade.  The  vegetation  between  the  rovrs 
was  cleared  before  starting  the  experiments.   The  soil  of  the 
ttro  plots  selected  were  apparently  identical.  The  type  -was  an 


easily  -Jirorked  sandy  loam  containing  some  humus,  but  appar- 
ently very  little  clay.  No  attempt  was  made  to  vary  the 
natural  supply  of  moisture.  There  were  frequent  showers 
which  usually  came  in  the  afternoon. 

A  few  tin  tubes  about  ten  inches  square  were  used 
for  shallovr  burials ,  and  for  the  remainder  of  the  burials 
galvanized  iron  tubes  t.relve  inches  in  diameter  were  util- 
ized. The  length  of  the  tubes  was  such  that  they  protruded 
from  four  to  eight  inches  above  the  surface  in  order  that 
no  p:irticles  of  earth  might  be  carried  out  of  the  container 
by  the  splashing  of  heavy  rains.   In  order  to  avoid  the  .rash 
of  surface  water  the  hole  for  each  burial  .ms  dug  to  accur- 
ately fit  the  tube  which  v/as  to  line  it.  There  was  no  effort 
to  pulverize  the  soil  to  a  greater  extent  than  would  be  the 
case  in  actual  practice  nor  was  the  soil  tamped  after  being 
placed  in  the  hole.  The  nature  of  this  soil,  howrever,  vms 
such  that  the  necessary  handling  broke  up  all  large  aggre- 
gates and  left  few  lumps  more  than  one  inch  in  diameter. 
Experiments  were  also  done  in  the  exposed  plot,  in  which 
the  tubes  were  filled  with  clay  instead  of  the  soil  which  had 
been  removed  from  the  hole.   Two  types  of  clay  were  used,  one 
locally  known  as  white  clay,  was  of  a  light  gray  color,  com- 
posed of  very  fine  particles  with  apparently  no  sand;  the 
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second,  a  red  clay  in  which  there  was  a  considerable  amount 
of  sand.  After  the  burial  was  complete  the  experiments 
were  protected  from  f orris  and  larger  animals  by  wire  netting 
covers  over  the  protruding  containers. 

Before  beginning  the  experiments  samples  of  the  soil 
from  each  of  tlie  selected  plots  were  placed  in  the  isolation 
apparatus  (Cort,  et  al,,  1922 j  and  examinations  were  made 
for  hookworm  larvae.  All  of  these  samples  yielded  negative 
results.  Examinations  of  similar  samples  were  made  at  various 
times  during  the  course  of  the  experiments  and  these  were 
likewise  negative. 

The  material  buried  was  of  three  classes , 

(a)  Estimated  numbers  of  well-nourished  and  active 

mature  laxvae. 
(h)   Cultures  containing  mature  larvae,  used  as  checks 

on  the  migration  of  material  {&) 
(c)  Feces  known  to  contain  abundant  ova  of  N.  americanua. 
The  number  of  larvae  isolated  from  cultures  was  estimated 
by  suspending  the  total  number  in  a  measured  quantity  of  water, 
bet7.'een  five  and  ten  mils,  depending  upon  the  abundance  of  larvae, 
mixing  thoroughly  and  vrithdrawing  a  measured  quantity  of  the  sus- 
pension, from  0.15  to  0.5  mil.  This  sample  vfas  placed  on  a  micro- 
scopic slide  and  the  larvae  were  carefully  counted  under  a  16  mm. 
objective  yrxth   a  10  ocular.  From  this  result  the  total  nmnber 
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of  larvae  was  estimated. 

The  number  of  hookworm  ova  in  the  specimens  of 
feces  which  vrere  buried  -.vas  estimated  in  nearly,  all  cases 
by  a  method  devised  by  l!r.  N,  R.  Stoll  and  described  in 
another  paper  of  this  series  (Stoll,  1923).  The  writer 
wishes  to  acknowledge  indebtedness  to  r.r.  Stoll  for  assist- 
ance in  making  these  determinations  and  for  supplying  the 
data  on  which  some  of  the  estimates  are  based.   In  order 
to  be  assured  that  mature  hookwoi'm  larvae  could  be  produced 
from  the  ova  in  the  specimens  used,  a  small  portion  was  re- 
moved from  each  specimen  and  was  mixed  with  a  little  earth 
on  the  surface  of  the  experimental  plot.  Each  of  these 
control  cultures  was  protected  by  tin  tubes  which  extended 
tliree  inches  below  the  surface  and  four  inches  above  the 
surface  and  I'ra.s^  covered  with  wire  netting. 

From  the  time  of  burial  the  surface  of  the  soil 
within  each  tube  was  daily  inspected  with  a  liand  lens  for 
the  appearance  of  larvae.  As  soon  as  larvae  appeared  in 
nvu'.bers  the  surface  of  the  soil  was  carefully  scraped  off 
vrith  a  spoon,  the  material  obtained  was  placed  in  an  isolat- 
ion apparatus  and  the  number  of  larvae  vms  estimated  by  the 
method  mentioned.   In  a  few  cases  the  appearance  of  larvae, 
as  determined  vrith  the  hand  lens,  was  delayod  and  specimens 
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of  soil  from  the  surface  were  examined  by  neans   of  the 
isolation  apparatus  before  larvae  had  been  seen.     Sxanin- 
ations  of  the   surface  vrere  repeated  at  intervals   of  a  few 
days  until  the  numbers  obtained  becarae  very  sinall  or  the 
results  were  negative.      In  order  to  determine  the  distrib- 
ution of  the  larvae  at  the  close  of  the  experiment  a  soil 
sampling  tube,  vfith  a  diameter  of  about  two  inches,  vras 
driven  to  the  bottom  of  all  the  pits  with  a  depth  of  ten 
inches   or  more.       The   soil  withdrawn  was  divided  into  three 
portions  designated  as  top,  middle,  and  bottom,   and  the 
larvae  in  these  portions  were  isolated  and  counted  separ- 
ately.    The  burials   in  clay  were  all  relatively  shallow 
and  vrere  also  examined  with  a  soil  sampling  tube,  the  samp- 
le being  divided  into  two  portions,   top  and  bottom. 

Results. 

The  daily  inspection  of  the  surface  of  the  experiments 
yielded  much  information  in  regard  to  the  time  of  appearance, 
distribution  over  the  surface,  and  the  activities  of  the  larvae 
which  v;ere  able  to  migrate  the  entire  distance.   Reference  to 
Tables  I,  II,  and  III  -viill   show  that  there  were  only  three 
cases  in  v/hich  larvae  were  isolated  from  the  surface,  but  load 
not  been  previously  seen  with  the  hand  lens.  These  studies 
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showed  tha-5  the  larvae  were  distributed  over  the  entire 
surface  of  the  soil  in  the  tube.  The  only  tendency  to 
concentration  was  upon  small  lumps  of  earth  xvhich  pro- 
truded above  the  general  level  (Augustine,  1922).  On 
the  edges  of  such  particles  the  concentration  was  freq- 
uently such  that  the  presence  of  larvae  was  readily  as- 
certained with  the  unaided  eye.   It  was  observed  in 
these  studies  that  the  majority  of  the  larvae  usually 
arrived  at  the  surface  at  about  the  same  time.   That  is, 
a  few  days  after  the  first  appearance  of  the  larvae  many 
new  ones  came  up  daily  and  then  the  nunbers  rapidly  dim- 
inished. This  observation  was  confirmed  by  quantitative 
studies  in  the  isolation  of  the  larvae. 

Table  1  shows  that  mature  hookvTorm  larvae,  buried 
in  the  sandy  loan  soil  which  was  used  in  these  experiments, 
were  able  to  reach  the  surface  from  as  great  a  depth  as  24 
inches.  The  time  required  to  reach  the  surface  increased 
with  the  deeper  burial.  The  maximum  speed  noted  was  in 
the  case  of  larvae  buried  at  a  depth  of  10  inches  in  the 
exposed  plot.  Some  of  these  larvae  reached  the  surface 
two  days  after  the  burial,  a  vertical  migration  of  five 
inches  a  day.  The  percentage  of  the  larvae  recovered  from 
the  surface  decreased  progressively  with  the  increasing 
depth  of  burial.  From  larvae  irhlch  were  buried  at  a  depth 
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of  4  inches  62  per  cent,  were  recovered,  while  from  those 
buried  at  a  depth  of  18  inches  3.6  per  cent,  -were  recovered. 
The  number  which  migrated  frora  the  24-inch  burial  in  the 
sun  vms  very  small,  and,  beside  the  additional  depth,  there 
probably  were  tv;o  factors  which  prevented  effective  uprard 
migration  in  this  experiment.  The  larvae  used  were  obtained 
from  an  older  culture  than  those  used  in  the  other  experiments. 
These  larvae  had  remained  in  the  original  culture  for  seventeen 
days,  and  probably  were  not  in  the  best  physical  condition. 
Furthermore,  a  shower  intervened  between  the  digging  of  the 
hole  for  this  burial  and  the  covering  of  the  larvae,  so  that 
the  earth  was  wet.  The  fact  that  mature  larvae  can  migrate 
in  Icirge  numbers  from  a  depth  of  24  inches  is  shov/n  by  the 
results  obtained  from  the  burial  of  a  culture  containing 
mature  larvae  and  the  recovery  of  15,520  larvae  from  the 
surface.  This,  however,  does  not  represent  the  maximiua 
capability  of  the  hook/z'orm  larvae  for  vertical  migration,  as 
is  shown  in  other  experiments,  the  results  of  .rhich  are  given 
in  Table  II,  which  shotr  migration  in  numbers  through  a  distance 
of  36  inches. 

The  results  of  the  burial  of  feces  containing  hooIaTorm 
ova,  as  sho-.m  in  Table  II,  deraonstrate  that  the  conditions  were 
most  favorable  for  the  developnent  of  larvae,  lifter  migration 
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to  the  stirfaoe  from  depths  of  4  inches  to  8  inches  there 
were  isolated  lanrae  which  accounted  for  22  to  28  per  cent, 
of  the  ova  buried.  These  results  are  better  than  those 
sho-.Tn  by  the  cultures  on  the  surface  iThich  were  planned  as 
controls.  The  nunber  of  larvae  yielded  by  these  cultures 
were  from  0.2  to  20.5  per  cent,  of  the  numbers  of  ova  cult- 
ured. Even  at  a  depth  of  36  inches  development  proceeded 
readily.  The  time  required  for  the  appearance  of  larvae 
on  the  surface  of  the  soil  increased  with  the  depths  of 
burial,  but  the  trend  was  notso  constant  as  that  in  Table 
1.  This  is  probably  due  to  the  fact  that  not  all  larvae 
coae  to  maturity  in  the  same  nunber  of  days,  as  well  as 
to  differences  in  the  vigor  of  the  larvae.  The  relation- 
ship of  the  number  of  larvae  isolated  to  the  number  of  ova 
buried  showed  a  constantly  decreasing  percentage  excspt  in 
the  case  of  the  36  inch  burial  in  the  shade  which  showed 
extraordinary  development  and  migration.  The  nunber  of  larvae 
removed  with  the  soil  sampling  tube  on  the  eighteenth  day  from 
the  beginning  of  this  oxperiment  indicates  that,  if  the  ex- 
periment had  been  allowed  to  run  a  few  days  longey,  many  more 
larvae  ^rould  have  appeared  on  the  surface. 

In  the  experiment  m  which  counted  hooloTorra  larvae  were 
buried  under  white  clay,  no  larvae  were  recovered  from  the 
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surface.   In  order  to  check  these  findings  a  culture 
containing  aiatura  larvae  was  also  buried  and  the  results 
obtained  fron  this  experiment  confirmed  the  inability  of 
the  larvae  to  roach  the  surface.  In  the  t\To  experiments 
with  buried  feces  containing  hoolcwora  ova  no  larvae  were 
isolated  from  the  surface.  At  the  close  of  the  experiment 
the  examinations  to  determine  the  distribution  of  the 
larvae  showed,  however,  thsA   there  had  been  development 
of  the  larvae  and  that  there  was  an  attempt  to  migrate  up- 
ward in  the  one,  but  not  in  the  other  experiment.  The 
surface  control  culture  for  the  negative  case  sho-.Ted  dev- 
elopment of  0.2  per  cent,  of  the  ova  cultured.  In  the  red 
clay,  which  contained  some  sand,  development  and  subsequent 
migration  to  the  surface  was  successful.  Of  the  ova  buried 
6  inches  2.9  per  cent,  developed  and  migrated  to  the  surface, 
while  in  the  burial  of  10  inches  0.13  per  cent  reached  r.he 
surface,  ^ile  migration  took  place  more  readily  in  this 
clay  than  in  the  white  clay,  the  results  were  still  far  be- 
low those  obtained  in  the  sandy  loam  at  the  same  depth.   It 
was  also  observed  in  the  experiments  carried  out  in  Trinidad 
(Payne,  1922)  that  the  success  of  migration  varied  with  the 
tjrpo  of  soil  used. 

The  distribution  of  the  larvae  as  determined  with 
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the  soil  sampling  tube  at  the  close  of  the  experiments 
(Tables  I,  II  and  III)  indicates  that  even  in  the  difficult 
white  clay  ihera  was  a  definite  effort  on  the  part  of  the 
larvae  to  migrate  upsrard.  There  is  no  doubt  thcit  if  some 
of  the  experiments  had  been  allowed  to  run  for  a  longer 
time,  many  more  larvae  vrould  have  migrated  to  the  surface. 
liThat  the  limiting  factors  v/ere  cannot  be  determined  from 
the  data  now  at  hand,  but  it  would  appear  that  the  structure 
of  tho  soil  had  an  important  influence  on  the  distance  mi- 
grated.  It  is  possible  that  a  large  nunber  of  these  larvae 
wasted  much  of  their  food  supply  in  fruitless  wandering 
(Payne,  1922).   In  most  cases  the  larvae  isolated  at  the 
close  of  the  experiment  showed  little  granulation.  They 
were  transparent,  inactive  and  appeared  to  be  exhausted. 

Experiments  to  Test  the  Possibility  of  Jligration 
from  Pit  Latrines. 

A  preliminary  experiment  was  performed  to  test  the 
possibility  of  migration  of  hoolrfrorm  lej^vae  to  the  surface 
under  conditions  simulating  a  pit  latrine.  A  circular  hole 
about  eighteen  inches  in  diameter  at  the  top,  fourteen  inches 
at  the  bottom,  and  about  eighteen  inches  deep  was  dug.  Feces 
containing  abundant  ova  of  N.  amerioanus  were  smeared  around 
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tha  botton  of  the  wall  forning  a  band  about  t'.To  inches 
wide,  the  bottoia  being  left  clean.  A  galvanized  tub  i.Tas 
inverted  over  the  hole,  and  a  drainage  ditch  vras  dug  in 
such  manner  as  to  remove  all  surface  v/ater.  The  condition 
of  the  feces  on  the  wall  of  the  pit  was  inspected  daily. 
From  the  tine  that  larvae  might  be  expected  to  have  attained 
maturity  specimens  were  taken  for  examination  in  the  usual 
manner  with  the  isolation  apparatus.   The  specimens  consisted 
of  scrapings  from  the  surface  of  the  ground  around  the  pit 
and  bands  of  soil  from  the  vmll  of  the  pit.  The  examination 
of  ants  which  soon  became  active  in  the  feces  showed  that 
they  carried  away  particles  of  the  material.  At  one  point 
on  the  wall  of  the  pit  they  had  constructed  a  run  which 
extended  from  the  bottom  of  the  pit  to  the  surface.  Earth- 
■.Torm  casts  also  appeared  on  the  botton  and  tii-all  of  the  pit. 
The  activitie  s  of  the  ants  and  earthworms  v/ere  so  effective 
that  within  a  week  it  was  impossible  to  distinguish  the 
feces  or  to  determine  by  inspection  where  they  had  bean  placed. 

Examinations  were  made  as  follcfws  : 

Larvae  isolated 

August  13  (8  days  from  the  beginning  of  the 
experiment,)  specimens  from  : 

The  ant  run .•••••*«•••.•....• 1 

A  band,  about  two  inches  wide  and  three  inches 

above  band  of  feces 622 
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A  band,  abbut  tvro  inches  wide  and  ona  inch  above  the 

band  of  the  feces 7,600 

August  i  7     (12  days  from  the  beginning  of  the  experiment),    specimens 
from    : 

Surface  of  ground  around  the  top  of  the  pit 0 

A  band,   about  three   inches  wide,  thirteen  inches  above 

band  of  feces 0 

August  2  1        (16  days   from  beginning  of  experiment),   specimens  from: 

A  top  band  three  inches  wide - 0 

A  middle  band  three  inches  wide 5 

A  bottom  band  two  inches  vride,  t-.Yo  inches  above 

band  of  feces 3,500 

;ept.      4  (30  days  frpm  beginning  of  experiment),   specimens  froia: 

Top  band • 17 

Middle  band     8 

Bottom  band     3,900 

Bottom  surface   of  pit    (.included  eartl-rvrorm  casts  and  ant     12,600 
burr  o\Ts ) 

ipt.      6  (32  days  from  beginning  of  experiment),   specimens   from: 

Surface  of  ground  around  pit,   four  inches  wide 4 

Region  of  feces 23 ,400 

The  duration  of  the  experiment  was  thirty-two  days. 
The  total  number   of  larvae  isolated  from  the  bottom  of  the  pit 
and  from  the  zone  vrhere  the  feces  were  originally  deposited  was 
36,000  v;-hich  shovrs  that  development  v/as   successful.    In  a  zone 
about  t;T0  inches  above  the  band  of  feces  and  about  t^ro  inches 


-42- 

wide  there'irera  found  15,000  hoo^^ronn  larvae,  two  inches 
higher  622  larvae.  At  about  the  middle  of  the  wall  there 
vrere  found  13  larvae  and  at  the  top  17.  From  the  surface 
of  the  ground  around  the  pit  4  larvao  were  isolated.   It 
appears  from  theso  results  that  the  independent  migration 
of  the  hoolcvrorm  larvae  on  the  wall  of  the  pit  W8.s  limited 
to  a  very  narrow  range.   The  number  of  larvae  finally 
reaching  the  top  was  smaller  than  would  have  been  expected 
from  the  numerous  opportunities  for  mechanical  transportation 
by  ants  and  earthworms. 

Application  of  Results  to  Night  Soil  Disposal. 

The  disposal  of  human  excrement  is  a  serious  prob- 
lem for  all  communities  in  warn  countries.   It  is  especially 
serious  in  rural  communities  where  hoonvorm  disease  is  preva- 
lent.  In  some  countries  efforts  to  control  this  disease  have 
resulted  in  the  adoption  of  burial  methods  of  night  soil  dis- 
posal. 

In  planning  theso  experiments  it  was  considered 
that  thirty-six  inches  is  the  greatest  depth  that  is  likely 
to  be  .generally  used  in  the  burial  of  human  excreta.   The 
results  have  shown  that  hoolc^Torm  larnrae  may  develop  in  feces 
buried  at  this  depth  in  sandy  loam  soil  of  the  type  used  in 
Porto  Rico,  and  can  migrate  to  the  surface  in  large  numbers. 
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It  is  very  probable  tlmt  under  favorable  conditions  migration 
from  even  greater  depth  is  possible.  These  results  indicate 
that  burial  of  feces  in  a  loose  soil  is  not  a  safe  method  of 
disposal  and  is  of  doubtful  safety  in  some  types  of  clay. 

Burial  is  one  of  the  phases  in  the  operation  of  the 
pit  latrine  which  is  so  -sridoly  used  in  rural  conuounities. 
IThenthe  pit  is  nearly  full  of  excrement  the  superstructure 
is  removed  and  the  pit  is  filled  with  earth.   In  vier.T  of 
the  results  of  the  experiments  reported  here  it  is  possible 
that  the  surface  over  those  old  pits  may  become  infested 
with  hookiTorm  larvae  which  migrated  up.Tard  from  the  buried 
material.  In  order  that  it  may  be  determined  under  what 
conditions  burial  of  this  type  is  safe,  it  is  important  that 
further  studies  should  be  conducted. 

Another  sorious  problem  is  the  casual  defecation  of 
field  laborers  during  the  day's  work.  It  has  been  customary 
to  advise  that  such  deposits  should  be  covered  vrith  a  few 
inches  of  earth.  The  results  of  the  pressnt  experiments  in- 
dicate that  such  a  practice  does  not  eliminate  the  danger  of 
an  infective  spot. 

One  of  the  experiments  yielded  results  vfhioh  in- 
dicate that  before  the  burial  phase  in  the  operation  of  a  ,^;ood 
ptt  latrine  migration  of  hoolarorm  larvae  from  the  site  of  dep- 
osition is  -.rithin  a  small  range. 
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SUMMAHT. 

1.  A  series  of  fiald  expariments  was  carried  out 
to  test  the  ability  of  buried  larvae  of  N.  americanus  to 
migrate  from  various  depths  to  the  surface. 

2.  Larvae  developed  in  large  nunbers  from  feces 
buried  at  depths  up  to  thirty-six  inches  in  sandy  loam  soil. 

3.  larvae  migrated  to  the  surface  in  large  numbers 
from  m  terial  buried  at  various  depths  upto  thirty  six  inches 
in  sandy  loam  soil.  Migration  -".Tas  equally  free  Trhether  the 
larvae  were  buried  after  reaching  maturity  or  feces  containing 
ova  -were  buried. 

4.  The  numbers  of  larvae  reaching  the  surface  decreased 
as  the  depth  of  burial  increased. 

5.  In  the  red  clay,  containing  some  sand,  migration  was 
quite  successful  from  a  depth  of  ten  inches,  but  not  to  the  same 
degree  as  in  the  sandy  loam. 

6.  In  a  relatively  pure  clay  migration  from  a  depth  of 
six  inches  vras  unsuccessful. 

7.  In  an  experiment  to  test  the  possibility  of  migration 
of  larvae  out  of  a  latrine  pit  very  few  larvae  were  found  above 
the  level  of  inoculation. 
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III.      STUDIES   ON  FACTORS   IW0LV3D  IN  HIG.UTIOM  OF  HOOI-3vOHM 
LARVAE  IN  SOIL. 

Introduction. 

The  studies   on  the  vertical  migration   of  hoolarorjTi 
larvae  have  thus  far  been   concerned  mainly  v/"ith  the  fact 
of  migration   or  of  failure  to  migrate.     No  accoxmt  has  been 
taken   of  the  mechanism  by  Trhich  locomotion  is  accomplished 
by  the   larvae  ncr  have  there  been  studies   of  the  physical 
conditions  which  aid  the  progress   of  the  larvae.      The  stimuli 
\rhich  initiate  migration  have  bean  a  subject   of  speculation 
but  neither  these  nor  the  factors  "iThich  bring  about  a  cess- 
ation  of  migration  have  been   subjected  to  critical  experi- 
mental investigation. 

It  v;ill  be  vmll  to  summarize  here  the  facts  bearing 
on  these  points  'iThich  irare  brought   out   in  the  Trinidad  and 
Porto  Rico   investigations.      It  v/as   shov/n  by  laboratory  exper- 
iments  in  Trinidad  that   in  soil  in  -.rhich  the  spaces  v;ere  filled 
.rith  vrater  migration  did  not  take  place.      In  soil  irith  uniformly 
distributed  moisture  migration  was  very  limited  but   in  soil  in 
vfhich  moisture  -.ras   rising  migration  took  place  rriuch  more  readily 
and  ".ras   in  tho  direction   of  the  vrater  movement.      It  -vvas  also 
shoiTn  that  migration  is   accompanied  by  a  rapid  disappearance 
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of  the  nutritive  granules  from  the  bodies  of  the  larvae 
a.nd  that  the  supply  of  these  granules  probably  linits  the 
range  t>irough  ".rhich  a  larva  can  migrate. 

In  field  experiments  in  Porto  Rico  migration  in 
certain  types  of  clay  soils  vras  unsuccessful  but  in  a  loose 
sandy  loan  xrith   favorable  temperature  and  moisture  conditions 
migrations  through  as  great  a  vortical  distance  as  three  feet 
•iTere  observed.  The  laboratory  experiments  included  in  this 
report  were  undertaken  for  the  purpose  of  tlirowing  light  on 
the  physical  and  biological  questions  -iThich  v/ere  raised  by 
the  previous  studies. 

HNVIROIMSNT  CF  TH3  LARVA  IN  THE  SOIL 
For  the  purposes  of  this  study  it  is  assumed  that 
the  hooferorm  larvae  have  hatched  beneath  the  surface  of  the 
soil  or  have  been  placed  there  after  hatching.   It  has  been 
impossible  in  the  scope  of  these  investigations  to  thoroughly 
study  all  of  the  factors  which  are  concerned  in  the  migration 
of  the  larva  to  the  surface.   The  experimental  evidence  vj-hich 
has  been  accumulated,  hor.rever,  has  been  used  as  a  basis  for  a 
discussion  of  the  mechanical  factors  involved  vrhich  is  necess- 
arily to  a  large  extent  theoretical. 

A  study  must  first  be  made  of  the  environment  in  "trhich 
the  larva  is  novr  found.  The  soil  must  be  considered  as  being 
made  up  of  a  very  large  number  of  solid  masses,  nearly  all  of 
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vrhich  are  minaral  grains  while  some  are  of  organic  matter. 
All  of  the  solid  partioles  are  covered  with  more  or  less 
-.rater,  and  the  spaces  betr/reen  the  masses  are  filled  v:ith 
soil  air  which  contains  -.rater  vapor.   It  is  evident  tliat 
the  amount  of  air  present  will  vary  inversely  with  the 
amount  of  vrater   in  the  soil.  For  the  purposes  of  this 
study  all  of  the  solid  particles  may  be  classed  together, 
since  we  are  not  yet  aware  of  any  way  in  which  their  chem- 
ical nature  affects  the  activities  of  the  larvae.   It  is 
v/ith  their  physical  properties,  especially  their  size  and 
shape  that  we  are  concerned.   In  shape  and  in  size  there 
are  wide  variations ,  the  diameter  ranging  fron  1  micron  to 
1  millimeter  or  more.  From  the  fact  that  the  diameter  of 
a  hoolavorm  larvae  is  about  25  microns,  it  v;ill  be  understood 
that  it  cannot  pass  through  soil  v-hose  grains  or  their  aggre- 
gates are  within  the  lov;-  ranges,  '■.'e  are  concerned  not  only 
with  the  size  of  the  particles  but  with  the  size  of  the  inter- 
spaces which  separate  them  and  with  the  number  of  contacts 
by  v.'hich  they  are  brought  into  relation  Tn.th  neighoring  part- 
icles. These  factors  will  vary  -.rith  the  arrangement  of  the 
particles  or  the  structure  of  the  soil.  Calculations  (Soj'-ka, 
1885)  have  been  made  concerning  the  physical  characteristics 
of  soils  with  certain  theoretical  arrangements  of  particles. 
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In  th9se  calculations  the  pa.'ticles  have  beon  considored  as 
spheres.   In  the  simplest  of  the  arrangements  shovm  in  figure 
I,  the  particles  are  in  columns,  each  particle  touching  its 
neighbor  at  four  points.   It  vriil   be  noted  that  for  soil 
particles  of  a  given  size  the  interspaces  are  large  and  the 
points  of  contact  relatively/  fer.   In  figure  II  there  are 
shovm  ideal  soil  grains  in  an  oblique  arrangement  in  vrhich 
the  size  of  the  interspaces  has  been  greatlj'reduced  and  the 
number  of  contacts  increased.  Figures  III  and  IV  shov/  arrange- 
ments in  vrhich  particles  of  different  sizes  are  combined  in 
different  arrangements. 

It  is  possible  by  a  rather  laborious  process  to  separ- 
ate the  particles  of  a  giver;  soil  sample  into  groups  according 
to  size.   These  groups  have  been  established  by  arbitrary  methods 
and  the  statement  of  the  result  has  been  termed  a  meolmnical 
analysis  of  the  soil.   In  making  this  analysis  the  soil  is  thor- 
oughly broken  up,  the  aggregates  are  separated  and  the  whole  is 
reduced  to  its  constituent  particles.  The  sorting  of  these 
particles  shows  us  nothing  in  regard  to  their  original  arrange- 
ment.  The  arrangement  of  the  particles  is  not  a  measurable 
quantity  with  our  presant  knowledge,  yet  it  is  all  important  for 
a  thorough  understanding  of  many  of  the  factors  concerned  in  the 
migration  of  hoolaTorm  larvae  through  the  soil.  Under  the  circum- 
stances we  are  compelled  to  confine  ourselves  to  the  crudest  of 
general  terms  and  we  must  leave  unstudied  many  physical  factors 
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Fig.  I.  Possible  arrangement  of  spherical  soil  particles 
of  uniform  size. 
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Fig.  II.  Possible  arrangements  of  soil  particles  of 
uniform  size. 
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Fig.  III.  Possible  arrangement  of  spherical  soil  particles 
with  interstices  with  soil  particles. 
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Fig.  IV.  Possible  arrangement  of  spherical  soil  particles 
gathered  into  spherical  aggregates. 
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about  which  ire  hava  little  knov/ledga. 

Valid  conclusions  in  regard  to  the  arrangement  of 
soil  particles  cannot  be  dra-.Tn  from  the  mechanical  analysis 
because  this  arrangement  is  .:;ovarned  by  the  forces  of  the 
soil  moisture.  These  forces  are  the  hygroscopic,  capillary 
and  gravitational.   The  mechanism  of  the  formation  of  the 
structure  of  the  soil  is  given  hy   Free  (1911)  as  follonrs: 
"In  a  moist  but  unsaturated  soil  the  water  exists  mainly 
in  the  form  of  thin  films  about  the  soil  particles  and, 
vrhere   the  particles  touch,  the  films  are  also  in  contact, 
(Briggs,  1897).  At  each  point  of  contact  the  water  films 
fuse,  filling  t'ne  annular  space  between  the  particles  and 
forming  a  '.rater  mass  of  wedge  shaped  cross-section  and 
bounded  by  an  inwardly  curved  -.rater -air  surface.  On  this 
curved  surface  there  vail  exist  (according  to  well  knoTm 
laws)  a  surface  tension  tending  to  pull  the  sides  of  the 
wedge  together,  or  in  the  case  of  the  soil  grains,  to  hold 
tliem  together  at  the  points  of  contact.  It  is  these  vrator- 
film  forces  which  control  the  formation  and  persistance  of 
soil  aggregates  and  enable  the  preservation  of  more  open 
stinictura  than  could  endure  in  dry  soil.  They  are  the  det- 
erminers of  the  soil  structure. (Chemically  cemented  and 
other  relatively  permanent  aggregates  of  soil  particles  are 
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course  excluded  froa  consideration.      In  their  relations 
to  physical  conditions  these  aggregates  behave  like  solid 
particles.)     V.'ithout   them  soils  vj-ould  tend  to  assvune,   and 
in  most  cases  would  assuno,  the  closest  structure    (and 
thorefore  texture)  which  their  mechanical  composition  vrould 
allov/-." 

"Furthermoro,  the   nature  and  streng:th  of  these  water- 
film  forces  will  depend  upon  the  -.rater  content  of  the   soil. 
The  absolute  value   of  the  surface  tension  in  the  wedge   shaped 
interspaces  will  depend  upon  the  curvature   of  the  vrater-air 
surface,  and  it  is   obvious  that  this   curvature  vrill  alter  as 
the   surface  retreats  ta;rard  or  advances  from  the  point  of 

solid  contact That   is,   as  the  v.-ater  films  generally 

decrease   or  increase  in  thiclan.ess. 

The  water  film  forces  are  by  far  the  most  important 
of  tlie  factors   influencing  soil  structure,  but  there  is   one 
other  v/hich  cannot  be  neglected.      In  sorae  soils,  especially 
those  containing  much  clay,  there  are  observed  phenomena  quite 
analogous  to   those   of  colloidal   solutions    or  the   so-called   "true" 

suspension  of  fine   particles   in  v/ater these  phenomena 

are  very  complex  and  are   still  but   little  understood.      It  is 
probable  that  they  are  related  to  surface  forces  residing  on 
the   liquid  surface  betiTeen  the  soil  particles  and  the   soil  water. 
They  are   observed  onlj'  in  clay  soils  but   it   is   probable  tliat  they 
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are  not  confinod  thera^^to."  Tho  mechanism  which  brings 
about  the  arran~enent  of  the  soil  particles  governs  the 
size  and  arrangement  of  the  spaces  vjithin  the  soil.  It 
will  be  shoTim  that  it  is  upon  these  spaces,  as  vrell  as 
upon  the  distribution  of  the  pai'ticles,  that  the  facility 
of  migration  depends. 

Migration  of  hoolcvrorm  larvae  presupposes  the  pres- 
ence of  trater  in  sufficient  quantity  to  permit  movement  so 
we  shall  consider  briefly  the  conditions  under  which  the 
vrater  exists,  and  some  of  the  lav/s  confern<»d  in  its  movement. 
VJe  have  already  noted  that  in  a  moist  soil  each  particle  is 
surrounded  by  a  film  of  moisture.   This  film  is  joined  to  the 
films  surrounding  each  of  the  adjacent  particles.  At  the  points 
of  contact  the  masses  of  v.-ater  are  thickened  into  a  waist-like 
form  sho-.rn  in  figure  V,  v/hile  the  surface  in  contact  v;ith  the 
air  is  concave.   The  continuity  of  these  water  films  extends 
from  the  veater  table  beneath  to  the  surface  of  the  soil.  All 
of  this  water  is  subject  to  t -le  force  of  gravity  but  is  supported 
by  the  surface  tension  -irhich  produces  negative  pressure  in  all 
of  the  v/edge -shaped  water -filled  interspaces  between  soil  particles 
as  shown  in  figure  V. 

IThen  the  forces  controlling  this  water  arc  in  equilibrium 
tb^  negative  pressure  in  the  interspaces  exactly  balances  the  force 
of  gravity  acting  upon  the  vrator,  therefore  the  smaller  tho  interspaces 
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Figure  V.     Showing  distribution  of  orator  around  soil 
particles  with  the  direction  of  forces  in 
air-vrater  surfaces  and  direction  of  movement  of 
crater  in  re-establishing  equilibrium  after   loss 
by  evaporation.      (Modified  from  Lyon  and  Fippin. 
(1909)  p.    171). 
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and  consequently  the  greater  the  curvature  of  the  surface 
of  the  wedges  the  groa.ter  the  negative  pressure  and  the 
more  vrater  supported.   For  this  reason  greater  amounts  and 
longer  columns  of  vrater  are  supported  in  fine  soil  than  in 
coarse  soil.   Changes  brought  about  in  the  moisture  content 
of  one  portion  of  the  soil  or  in  the  surface  tension  at  any 
point  cause  movements  throughout  the  r.iass.  Such  slight 
changes  so  readily  disturb  the  equilibrium  that  it  may  be 
said  that  the  capillary  moisture  is  never  really  at  rest. 
The  film  increases  in  thickness  from  the  surface  dovmvmrds. 
It  may  be  exceedingly  thin  at  the  upper  limit  of  moisture 
but  near  the  "vrater  table  it  becones  so  thick  as  to  very 
nearly  ob'literate  the  air  spaces. 

Hovrever  thin  the  film  may  become  the  force  of  ad- 
hesion of  the  vrater  to  the  soil  particles,  or  the  hj'groscopic 
force,  is  so  strong  that  the  vrator  is  never  completel;;.'  removed 
by  gravitational  or  capiliai'y  forces.  The  opposition  of  the 
hygroscopic  forces  to  those  of  surface  tension,  gravity,  and 
evaporation  in  soil  which  is  losing  water  causes  the  progressive 
rupture  of  the  bridges  of  moisture  joining  the  particles  until, 
in  air  dry  soil,  there  are  no  moisture  connections  bet^reen  the 
particles  but  each  particle  of  soil  has  its  "hygroscopic  filr.." 

The  continuous  movement  in  the  vrater  forming  the  capillary 
films  to  rrhich  reference  has  already  been  made  is  accompanied  by  an 
eqtially  extensive  movement  of  the  air  contained  in  the  interstices 
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of  the  so5.1.  The  movements  of  the  vrnter  and  air  ivithin  the 
soil  are  closslj'-  associated  and  in  some  cases  stand  in  oo.usal 
relationship  one  to  the  other.   '.Hie  movement  of  soil  air  may  be 
produced  by  the  following  agencies: 

1.  A  difference  in  the  composition  of  the  soil  air 

and  of  atmospheric  air  causes  an  interchange  of  [;;ases  by  diffusion. 

2.  i\ny  change  irhich  may  occur  in  the  atmospheric  pressure 
is  folloired  by  a  change  in  the  volume  of  txhe  soil  air,  a  lovj-  pi-eas- 
ure  permits  the  soil  air  to  expand  and  escape  from  the  soil,  and 
increased  pressure  causes  the  atmospheric  air  to  enter  in  order  to 
equalize  the  pressure. 

0.   Changes  in  atmospheric  temperature  act  in  tho  same  rray 
as  do  changes  in  atmospheric  pressure. 

4.  Diurnal  changes  in  soil  temperature.  The  soil  tempera- 
ture decreases  from  the  surface  dov/nvrard. 

5.  The  movement  of  .rind,  •'.rhich  is  usually  in  gusts  rather 
than  of  a  uniform  velocity,  increases  and  decreases  the  atmospheric 
pressure  and  consequently  there  is  a  tendency  for  air  to  leave  or 
enter  the  soil. 

6.  The  v;ater  vj-hich  enters  the  soil  as  rain  must  displace 
a  :olume  of  air  equal  to  the  rainfall  "irhich  penetrates  the  soil 

and  w'hen  this  vj-ator  is  lost  by  the  soil  (by  gravitation  or  capillary 
action)  the  same  volume  of  air  must  enter. 
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Relation  of  the  Hook-.rorm  Larva  to  the  Soil  Particles  and 

Soil  I.-oisture. 

IVhile  it  has  been  noted  by  a  number   of   observers  that 
a  hoolororin  larva  is  not  necessarily  killed  immediately  by  the 
removal  of  all  visible  moisture,    la-'vae  in  this   condition  are 
distorbod  and  incapable   of  activity.      In  order  to  maintain  its 
normal  activity  the   larva  must  be  surrounded  by  vrater,  therefore 
its   position   in  the   soil  must   alvrays  be  '.rithin   the  film  of 
moisture  surrounding  the   soil  grain.      That  is,  the    larva  in  the 
soil  lies   on  a  solid  substratum  and  is  within  a  mass   of  vrater 
of  variable  depth  vrhich  is  under  pressure  from  the  interaction 
of  various  forces.     Under  the  conditions  existing  in  moist  soil, 
■within  the   zone  ^.rhich  is    likely  to  be   occupied  by  the  hoola-rorm 
larva,   the  film  is  usually  very  much  thinner  than  the   larva. 
Therefore   the   larva  is  under   direct   pressure   from  the  vrater-air 
surface   of  the  film  and  is  held  against  the   substratum  vrith  ivhat- 
ever  tension  this   surface  is  exerting  on  the   layer  of  "ater. 
The   pressure  varies  iTith  the  temperature,   the    chemical   composition 
of  the  soil   solution  and  the  diameter   of  the  underlying  soil  part- 
icle.     Tlie    surface  tension   decreases  \Tith  rise   in  temperature,    it 
increases  -ivith  the  addition   of  salts  to  the  soil   solution  but 
decreases  vfith  the  addition  of  most   of  the   organic  oils.     The 
soil  solution  usuall;     contains  both  salts  and  organic  matter  and 
for   practical   purposes   its   surface  tension  may  bo   considered  to  be 
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the  same  as  that  of  water  at  the  same  temperature. 

Since  the  pressure  inside  of  a  drop  is  represented 

by  the  formula  p  r  2T  where  p  is  the  pressure,  T  is  the 

r 
surface  tension  of  the  liquid  and  r  is  the  radius  of  the 

drop,  it  is  ob/ious  that  -ivith  a  given  surface  tension  the 
pressure  in  the  underlying  water,  and  consequently  on  the 
hookworm  larva,  varies  inversely  with  the  diameter  of  the 
soil  particles  vrhich  it  covors.  As  has  already  been  ment- 
ioned, the  pressure  in  the  water  which  forms  the  waist-like 
bridges  connecting  the  soil  particles  is  negative.  ^Then 
the  amount  of  water  in  the  soil  and  the  number  of  connecting 
bridges  is  so  reduced  that  very  small  particles  are  covered 
with  individual  films  the  pressure  on  these  particles  may  be 
great.  Migration  is  apparently  impossible  under  such  con- 
ditions so  we  need  to  consider  only  the  conditions  in  which 
relatively  large  aggregates,  say  more  than  a  millimeter  in 
diameter,  are  concerned. 

The  larva  is  not  only  under  the  influence  of  the 
forces  producing  pressure  in  the  soil  water  but  every  movement 
in  this  water  which  is  brought  about  by  changes  in  the  relations 
of  these  foces  causes  currents  to  impinge  upon  the  larva.  Warming 
of  the  surface  of  the  soil  lowers  the  surface  tension  and  conse- 
quently releases  water  which  is  draim  down-vrard  by  gravity,  cooling 
of  the  surface  causes  the  reverse  condition.  Evaporation  at  any 
point  causes  a  flow  of  water  to  replace  that  vrhich  is  lost. 


-62- 


Rain  upon  the   surface    or  a  rise  in  the   level   of  the  -rator  table 
beneath  causes  changes   in  the  forcos  acting;  '.rhich  bring  about  the 
flov,-  of  r3latively  large  quantities   of  ■.7ater  before  a  condition 
of  equilibriiom  is  re -established.      The   rate   of  flair   in  establishing 
an  equilibrium  depends  not   only  on  the  nagnitude   of  the  differences 
in    she   forces    inTolved  but   on  the   character   of   the   soil.      In   soil 
-iTith  fine   particles    or  aggrer;ates   friction   i-  very  much  greater 
and  tlie  rate   of  movement    of  the  u'ater  is  consequently  much  slovror 
than   in   coarse   soils.      Furthermore   in  such  a   soil  the   nuabcr   of 
particles   in  a  given  cross -sect  ion  is  very  muc.i  greater  tlaan  in 
a   coarse   soil,   the  number   of  individual  films   is   greater,   and 
consequently  the  rate   of  moveinent    of  the  crater   in  each  film  is 
greatly  reduced. 

It   is  quite  possible  that  the  movement   of  soil  water 
brings  the   stimuli   by  v/hich  the   larva  orients   its  migrations, 
whether   they  be  thermal,  tactile,    or  chemical. 

Tlie  Stage  in  Development  at  -vfhich  Migration  Begins. 

From  hatching  to  reaching  the  infective   stage  the 
hoo!-.Torm  larva   goes  through  very  marked  physiological  as  v;oll   as 
morphological  changes.       The   activities    of  this   period  include  the 
the  ingestion  and  storage   in  the  body  ce  .Is   of  nul;ritiv3  material. 
It  has  been  noted  that  during  this   period  the  type   of  activity  of 
the   larvae   is  very  much  different  from  that   of  the  infective   larvae 
and  it    is  not   so  responsive  tqtiie   stimuli  vrhich  are   effective   in   its 
later   life. 
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In   order  to^undor stand  tha   physiological  factors   in- 
volved in  migration  v/e  must  knovr  vrhether  the   larva  must  retaain  near 
the   site   of  hatching  on  account   of  the  food  material  contained  in 
the   feces    or  -.rhether   it   can   leave   that   site  before  the  infective 
stage   is   reached  and  acquire   food  from  th:;   soil   solution   or  from 
other   sources   on   its  travels.      It   is  ".Tall  also  to   Icnovr  '.rhethor  mi- 
gration begins  vyith  the   slo.;  squirming  movement  of  the  young  larva, 
and  is   initiated  oy  stimuli  to  -./hich  this    larva   responds    or  -.rhether 
it    is  not   initiated  until   thi^stage   is   passed. 

Field  exporiments  v/ere  undertaken   in   Porco  Pdco  to 
thro'.T  light   on  this   question.      It  v;as   found  that   valid  conclusions 
could  not   be   dravrn   frora  these   experiments   for  fcro  reasons:    first, 
the  buried  feces   attracted  insects   T.^'hich  burrowed  in  the   cultures 
and  30  night  transport   larvae;    second,    large  numbers   of  free   living 
nematodes  developed  in  and  near  the  feces  and  there  vms   great   danger 
of   confusing  very  young   larvae   of   some   of  these   animals  v.'ith  those 
of  the   hoO'T.Torm. 

A  series    of   laboratory  exoorinents   for   tlie   same   purpose 
vras  begun  in  Porto  Rico  and  continued  in  Baltimore.      Tlio  first  type 
of  experiment   consisted  in  placing  a  recently  recovered  gravid  female, 
Necator   ariiericanus    on   a  slide   in  a  drop  of  water   and  enclosing  the 
slid?   in  a  moist   chamber.     The  v;orm  and  its   contents  were  examined 
daily.      The   imT'.ature   larvae   showed  no  evidence   of  any  stimulus   to 
leave  the  bodjr  of  the  mother.      They  moved  very  little  but  fed  in  the 
immediate   locality  of  hatching.      As   soon   as  maturity  was   reached  the 
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the  type  of  activity  changed.  Thero  were  then  nmch 
stronger  movements  and  an  evident  effort  of  the  larva  to 
free  itself  from  restraint.  After  a  certain  length  of  time 
it  succeeded  in  breaking  through  the  softened  body  7ra.ll. 

In  the  second  type  of  Q::cperiment ,  bits  of  feces 
which  had  been  received  in  a  sterile  container  were  mixed 
■with  a  little  water  on  a  microscopic  slide  and  were  allovred 
to  stand  in  a  moist  chamber,  ICach  of  these  slides  was  stud- 
ied daily  and  it  -vrns  noted  that  the  immature  larvae  remained 
generally  distributed  over  the  entire  slide.  They  did  not 
shavr   the  well  knovm  phenomena  exhibited  by  mature  larvae 
of  congregating  at  the  edge  of  the  drop. 

In  a  third  type  of  experiment  cultures  of  the  usual 
type  were  made  with  feces  and  previously  heated  soil.  On  top 
of  the  culture  mass  there  was  then  placed  a  layer  of  previously 
heated  soil  to  a  depth  of  about  five  millimeters.  Tlie  culture 
wa3  incubated  at  a  temperature  of  27  C.  Each  day  the  surface 
of  the  overlying  soil  was  carefully  scraped,  soil  being  removed 
to  a  depth  of  not  more  than  tvro  millimeters.  The  soil  so  re- 
moved was  placed  in  an  isolation  apparatus  and  the  culture  vras 
again  covered  to  the  original  depth  with  previously  heated  soil. 
The  sedimented  material  fron:  the  isolation  apparatus  ^ras  examined 
at  the  end  of  an  interval  of  not  less  than  four  hours  nor  more 
than  six  hours.   In  no  case  were  any  larvae  recovered  which 
had  not  reached  the  infective  stage.   Sheathed 
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larvae  wera  recovered  in  each  case  on  either  the  fourth 
or  fifth  day. 

It  was  concluded  from  those  experiments  that  the 
young  larva  must  complete  its  feeding  and  reach  the  infective 
stage  before  migration  is  begun.  Therefore,  studies  on  the 
basic  factors  of  migration  need  concern  themselves  only  with 
larvae  in  the  infective  stage. 

A  Study  of  Some  of  the  Stimuli  affecting  the  Activity 
of  N.  amsricanus  larvae. 
Some  of  the  crude  factors  which  govern  the  motility 
of  the  infective  hookworm  lai'vae  have  been  known  from  the  time 
that  the  activity  of  these  organisms  began  to  be  studied,  Looss 
(1911,  pp  425,  507  and  583 j  notes  that  motility  of  infective 
A.  duodenale  larvae  is  at  its  raaxim'E  between  30°  and  38°  C. 
He  also  notes  that  the  presence  of  moisture  is  necessary  for 
the  migration  which  is  brought  about  by  this  increased  motility. 
In  support  of  these  observations  Looss  quotes  experiments  of 
his  own  and  observations  of  Tenhoit  (1905,  p.  72;  in  Festphalian 
mires  and  of  F.  Smith  in  Sierra  Leone.  The  latter  was  probably 
working  with  N.  americanus.  Looss  also  emphasizes  the  importance 
of  the  thicir.otropism  msinifested  by  the  larvae.  ITiis  appears  to 
have  been  first  described  by  Pintner  (1905,  p.  20;.  Difficulties 
of  bringing  about  experimental  conditions  from  v/hich  sound  con- 
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clusions  can  be  drawn  have  prevented  advance  in  the  knoviledge 
of  the  precise  stimuli  which  initiate  migration  of  of  the 
environmental  conditions  under  which  it  is  best  accomplished. 

In  the  present  series  of  experiments  it  has  not  been 
possible  to  isolate  each  individual  condition  which  might 
bring  about  a  stimulus  to  the  larvae  but  it  has  been  possible 
to  study  at  least  three  of  the  chief  factors  affecting  the 
activity  of  the  larvae-  under  reasonably  well  controlled  con- 
ditions. These  factors  are,  the  physiological  age  of  the 
larvae,  temperature,  and  contact  with  external  objects. 
Under  conditions  more  nearly  approaching  those  in  nature, 
and  consequently  less  well  controlled,  observations  were 
made  on  the  effect  of  water  currents  and  relation  to  thin 
films  of  water. 

Experimental  methods. 

Two  types  of  Mecator  americanus  larvae  vrere  used 
for  this  series  of  experiments.  One  set,  designated  as  the 
young  larvae,  had  been  recently  isolated  from  cultures  about 
one  week  old.   ^hey  were  selected  for  their  abundant  nutritive 
granules  and  they  were  cared  for  in  such  a  manner  that  they 
would  have  little  opportunity  to  use  their  supply  of  nutritive 
material  before  the  experiments  were  carried  out.  The  second 
lot,  designated  as  old  larvae,  were  isolated  from  cultures  made 
in  Porto  Rico  during  the  first  week  of  September,  1922.  Some 
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of  these  were  kept  in  the  soil  of  the  original  cultures 
until  they  were  used  in  the  experiments  in  November  and 
December,  1922.  Others  were  isolated  fron  the  cultures 
immediately  after  they  reached  the  infective  stage  and 
were  transferred  to  fresh  soil  in  which  they  were  kept 
until  they  were  needed  for  the  experiments.  During  this 
period  the  majority  of  the  larvae  migrated  to  the  surface 
of  their  respective  masses  of  soil  and  their  activities 
were  such  that  in  those  which  survived  until  the  time  of 
the  experiment  the  granules  were  greatly  reduced  in  number. 
In  a  fev/-  there  v.-ero  only  an  insignificant  number  of  granules 
visible  with  low  magnification  (,16mm  objective,  xlO  ocular  J. 
In  others  the  intestinal  cells  contained  an  appreciable 
number  of  granules.   In  all  cases  the  bodies  of  the  larvae 
were  nearly  transparent  and  the  outlines  of  the  internal 
organs  were  clearly  visible  and  no  granules  were  seen 
except  in  the  intestinal  cells.  Both  tho  old  and  the 
young  larvae  were  cultivated  from  feces  obtained  from 
different  individuals. 

The  first  stage  of  the  study  was  the  observation 
of  the  larva  under  the  influence  of  the  minimum  nuFiber  of 
external  stimuli.  A  single  larva  was  mounted  in  a  Syracuse 
%Tatch  glass  which  was  neai'ly  full  of  wator.  The  larva  iTas 
observed  with  a  microscope  equipped  with  an  electrical  vmrm 


■68- 


stage  but  the  current  was  not  turned  on  during  this  part 
of  the   study.     All  activity  was  timed  with  a  stop-vratch 
with  reference  to  rate  ajid  duration.     For  convenience 
the  types   of  activity  were  classified  as  follows: 

1.  Quiet. 

2.  Restless  movements  of  head  or  tail  or  both 

but  not  involving  entire  body. 

3.  1-50  oscillations  per  minute.   It  v/as  rare  that 

activity  involving  the  entire  body  took  place 
at  a  rate  of  less  than  20  oscillations  per 
minute. 

4.  50-100  oscillations  per  minute. 

5.  More  than  100  oscillations  per  minute. 

The  study  was  begun  soon  after  the  larva  was  mounted 
but  not  until  sufficient  time  had  elapsed  for  the  conditions 
in  the  surrounding  medium  to  reach  an  equilibrium  and  for  gross 
currents  to  subside.  The  duration  of  the  study  tinder  these 
conditions  varied  with  the  activity  of  the  larvae.  Larvae  which 
showed  considerable  activity  were  studied  for  an  hour  or  more 
Tfhile  the  study  was  discontinued  at  the  end  of  thirty  minutes  in 
cases  where  little  or  no  activity  was  displayed.   In  such  cases, 
efforts  were  made  to  start  activity  by  means  of  currents  produced 
with  a  pipette  or  by  slight  movements  of  the  watch  glass. 

Y/hen  sufficiently  extended  observations  had  been  made  on  ti^ 
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larva's  activities  under  the   conditions  just  described  the 

switch  connecting  the  warm  stage  was  closed  and  the  effect 

of  the  rising  temperature  was  observed.  Accurate  records 

of  the  temperatures  of  the  water  v/ere  not  regular Ijr  made. 

It  is  probable  that  the  maximum  reached  in  each  case  was 

about  36°C.  The  observs-tions  of  activity  were  now  repeated  ■ 

in  precisely  the  same  manner  as  before.  Vilien  this  stage  was 

completed,  the  larva  was  usually  set  aside  in  the  watch  glass 

for  several  hours  to  recover  from  any  possible  effects  of  the 

activity  just  observed.   If  thore  had  been  little  or  no  activity 

this  precaution  was  not  taken  and  the  next  operation  was  started 

at  once. 

The  third  part  of  the  study  consisted  in  the  observation 

of  the  larva's  activity  when  mounted  in  water  on  a  microscopic 

1 
slide  under  a  nur.ber/cover  glass  40X22  millimeters.   The  cover 

glass  was  supported  with  vaseline  so  there  vms  some  variation 

in  the  thickness  of  the  mount  and  consequently  in  the  number  of 

contacts  of  the  active  larvae  with  the  cover  glass.  Variations 

in  the  activity  of  the  larvae  which  were  due  to  lack  of  uniformity 

in  thickness  of  the  mounts  were  no  doubt  obliterated  in  the  averages 

of  all  larvae  studied.  The  activity  of  the  mounted  larva  was  first 

obsei-ved  for  a  half  hour  or  more  with  no  current  through  the  vrarm 

stage.  The  artificial  light  which  was  used  as  an  illumir.ant  probably 

produced  a  slightly  higher  temperature  in  this  case  than  in  the 
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first  study  in  the  watch  glass  but  it  is  believed  that  this 
difference  was  not  sufficient  to  affect  the  results. 

Imnediately  after  the  study  of  the  mounted  larva  at 
room  temperature,  the  current  was  started  through  the  warm 
stage.  The  study  of  the  effect  of  increased  temperature  was 
begun  from  the  time  of  closing  the  switch. 

The  four  divisions  of  the  study  gave  data  to  show: 

1.  VThat  may  be  called,  for  the  purposes  of  this  study, 
the  larva's  basic  activity.   That  is  the  activity  at  room  tempera- 
ture and  with  minimum  stimulation. 

2.  The  effect  of  an  increase  of  temperature,  other  con- 
ditions remaining  constant. 

3.  The  effect  of  contact  with  external  objects,  slide  and 
cover  glass. 

4.  The  effeot  of  increased  temperature  associated  with 
the  same  contacts  previously  tested. 

Observations  and  Results. 
In  the  course  of  the  experiments  and  before  any  data 
vrere  tabulated  it  became  obvious  that  there  were  differences  in 
the  activity  of  the  two  lots  of  larvae.  The  differences  involved 
types  of  movement,  duration  of  activity,  and  response  to  stimuli. 
The  young  larvae  usually  confined  themselves  to  a  single  lashing 
type  of  movement,  in  which  the  body  was  bent  to  one  side  to  form 
an  almost  closed  figure  and  then  was  bent  to  the  other  side  to  a 
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corresponding  extent.  The  old  larvae,  on  the  other  hand, 
varied  their  movements  with  coiling  and  tnyisting,   it  iiras 
quite  obvious  that  the  corresponding  stimuli  usually  brought 
forth  a  more  ready  response  in  the  young  larvae  than  in  the 
old  and  that  the  resulting  activity  was  usually  of  a  more 
violent  character  and  of  longer  duration.  These  points  -.vill 
be  brought  out  more  definitely  in  the  tabulated  data  fron 
the  experiments. 

Prolonged  observation  of  individual  larvae  in  en- 
vironments which  were  maintained  as  nearly  as  possible  in  a 
state  of  equilibrium  and  in  which  stimuli  to  the  larvae  \rere 
reduced  to  the  minimum  showed  conclusively  that  the  life  of 
the  larva  is  divided  into  at  least  two  types  of  periods  which 
may  be  called  active  and  refractory.  There  are  probably  inter- 
mediate states  which  cannot  be  classified  as  belonging  definitely 
to  either  of  these.  There  is  also  a  state  in  which  the  lanrae 
is  passive  but  is  in  a  condition  in  which  response  can  be  made 
to  a  stimulus.  The  refractory  state  appears  to  possess  consider- 
able practical  importanee  v.-hich  will  be  discussed  in  another  part 
of  this  paper  so  considerable  attention  was  given  to  the  larva 
7/hen  in  this  condition.  In  the  earlier  studies  the  refractory 
state  was  confused  with  a  passive  condition  but  it  was  soon  rec- 
ognized that  any  prolonged  activity  of  the  larva  was  likely  to 
be  followed  by  a  condition  in  v-iiich  the  larva  was  not  simply 
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quiet  but  "could  not  be  induced  to  respond  to  a  stimulus 
which  would  have  started  activity  in  a  passive  larva. 
This  condition  occurred  in  both  young  and  old  larvae, 
it  was  independent  of  contact,  and  of  the  tenperature  con- 
ditions which  were  used  in  these  experiments. 

In  many  cases  the  larva  in  the  refractory  state 
presented  no  differences  in  appearance  vrhich  would  dis- 
tinguish it  from  a  passive  larva.  In  other  cases  the  re- 
fractory larva  assumed  peculiar  positions,  usually  charact- 
erized  by  sharp  angles^ which  sometimes  were  in  two  or  more 
planes.  These  positions  were  maintained  through  considerable 
periods  of  time  even  though  thore  was  movement  in  the  surround- 
ing meditun.  Such  a  larva  was  often  rolled  across  the  field 
of  the  microscope  without  a  change  occurring  in  its  contorted 
position,  un  one  occasion  a  larva  was  transferred  from  one 
rereceptacle  to  another  with  no  apparent  change  in  the  angles 
of  its  body.  The  duration  of  the  refractory  state  varies 
widely,  being  sometimes  less  than  one  minute  and  others  as 
long  as  thirty  minutes.  At  times  the  larva  entered  the  refract- 
ory state  after  a  gradual  reduction  in  its  activity  and  a  period 
of  restlessness.  At  other  times  the  refractory  state  was  init- 
iated suddenly  and  followed  a  period  of  marked  activity  without 
an  J'  transition.  The  change  from  the  refractory  to  the  active 
state  was  usually  gradual  and  was  characterized  by  a"iTk\Tard  and 
jerky  movements  which  involved  portions  of  the  body  and  frequently 
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did.  not   change  the  angles  -iivhich  had  beon  present  during 

the  refractory  period.      These  movements  were  most  suggestive 

of  the  movements   of  an  automaton  or  marionette. 

The  stimuli  "svhich  vrere  used  to  test  the  rofractory 
state   of  the  larva  depended  principally  upon  contact  and 
change   of  position  but  it  mis   possible   in  some  cases  to  bring 
into  play  the  slight  change   of  temperature  which  is   accomplished 
by  opening  the  diaphragm  and  illuminating  the  microscope  vrith 
a  sub-stage   light.      This  stimulus   could  only  be  used  for  a 
lai^a  mounted  on  a  slide  and  tvithout  the  ■srarm  stage.     The 
effect   of  currents   on  the  larvae  ■^•as  tested  by  means   of  a 
pipette.      It  was  possible  to  do  this  on  the  slides  as  vrell 
as  in  the  Syracuse  v/atch  glasses  because  the  preparations 
Tero  not   sealed.     Openings  ;vsre  left  on  t.ro  sides   so  that 
-water  might  be  dravm  through.      Shaking  the  vratch  glass  or 
tapping  the  cover  glass  were  frequently  effective  methods 
of  testing  the   condition  of  the  larva. 

In  previous  experiments  in  -which  the  microscope 
was   illuminated  -'.rith  rather  strong  light  from  -iThich  consider- 
able heat  was   evolved,   it  had  been  noted  that  the   larvae  within 
the  field  were  not   only  stimulated  to  activity  but  that   in 
most   cases  if  the  slide  was  slightly  moved  the   larvae  -would 
move  into  the  field  again.      In  some  cases   lar-/ae  had  remained 
in  the  field  for  ten  minutes  or  more  vrhile  the  slide  v/as 
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vras  slor.vly  moved  about;  in  various  directions.  The  quesbion 
had  ari3on  whether  the  stimulus  which  guided  the  larvae  in 
these  cases  ijras  the  light  or  the  heat.  The  present  series 
of  expigriinents  have  afforded  observations  irhich  give  valid 
evidence  on  this  point.  The  opening  in  the  warm  stage  was 
considerably  larger  than  the  cone  of  illumination.  The  re- 
sult was  that  the  heated  2one  of  the  Syracuse  vmtch  glass 
was  considerably  voider  than  the  microscopic  field.  T/hile 
there  vra.s  no  difficulty  in  keeping  active  jazTae  within  the 
field  when  there  was  no  current  in  the  warm  stage,  very  soon 
after  the  current  was  turned  on  the  direction  of  the  larva's 
travel  was  toward  the  periphery  of  the  watch  glass.  This  is 
taken  to  mean  that  the  heat  -.vas  a  much  more  important  factor 
in  determining  the  direction  of  the  larva  than  was  the  light. 
It  was  not  determined,  however,  whether  the  stimulus  itself 
was  thermal  or  was  a  currant  which  was  produced  by  the  change 
in  temperature. 

The  study  of  the  data  obtained  from  the  activity  of 
individual  larvae,  while  very  interesting,  >Tould  not  be  just- 
ified for  the  purposes  of  this  paper.  For  this  roason  the 
results  for  all  of  the  lairvae  of  each  class  and  for  each  type 
of  environment  have  been  taken  together  and  from  them  Table  I 
has  been  compiled.  The  same  results  are  shown  in  graphic  form 
in  Figure  VT.   In  this  case  the  various  types  of  activity  vfhioh 
were  obseirT'ed  have  beon  reprasented  as  percentages  of  tho  total 
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'Tatch  glass,   room  temperature. 


Young  larvae. 


—     Old  larvae. 


Watch  glass,  warm  stage. 


Young  larvae. 


Old  larvae. 


Under  cover  glass,  room  temperature. 


Young  larvae. 


Old  larvae. 


Under  cover  glass,  warm  stage. 


Young  larvae 


Old  larvae 


D 


yuiet . 


Restless. 


1-50  oscillations  per  minute. 


50-100  oscillations  per  minute. 


More  than  100  oscillations  per  minute. 


Figure  VI.   Graphic  illustration  of  relative  amounts  of  time  occupied  in 
different  types  of  activity  by  infective  larvae  of  N.  ameriosinus  in 

the  studies  recorded  in  Table  I. 
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time  of  obsanration  of  that  particular  type  of  iarva  under 
the  given  condition.   It  is  at  once  obvious  that  the  young 
larvae  showed  greater  activity  than  the  old  larvae.  This 
is  shown  in  each  environment.  The  activity  of  the  young 
larvae  in  the  vratch  glass  at  roora  temperature,  the  environ- 
ment showing  least  activity,  was  greater  than  the  activity 
of  old  larvae  under  a  covsr  glass  on  a  vra.rm  stage.   It  is 
also  shown  that  a  greater  proportion  of  the  activity  of  the 
young  larvae  is  of  a  rapid  type  than  is  that  of  the  old  larvae. 
There  is  shovm  in  all  of  the  records  of  the  old  larvae  more 
restlessness  and  more  activity  of  less  than  fifty  oscillations 
per  minute  than  is  shown  by  the  young  larvae.  The  effect  of 
differences  in  environment  is  quite  consistent  in  the  tvfo 
tjrpes.  The  effect  of  heat  irithout  external  contact  -Jiras  in 
each  case  to  stimulate  the  larvae  to  greater  activity.  The 
contact  with  slide  and  coverglass  irithout  heat  produC'?d  an 
effect  soraev/hat  greater  than  did  head  without  contact.  The 
combination  of  heat  and  external  contact  gave  the  most  marked 
activity  of  any  of  the  environments  studied. 

Other  experiments  -/ere  conducted  under  conditions  which 
■were  not  vrell  controlled  or  where  complete  observations  could  not 
be  made  and  therefore  the  interpretations  of  the  results  are  not 
alimys  clear.  Following  the  announcement  of  Leiper  and  Khalil 
(1922)  of  the  observation  of  the  tendency  of  infective  hookworm 
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larvae   bo  travel  toward  a  heated  point  on  a  slide,   obser- 
vations were  made   on  the  activity  of  hoolarorai  larvae  in 
a  hanging  drop.      It  was  found  that  the  larvae  at  first 
directed  themaelvc-s  unfailingly  toward  a  hot  needle  held 
against  the   cover-glass  a  farvr  millimeters  outside  the  cir- 
ciimforence  of  the  drop.      It  was  also  noted  that   after  a 
time  a  part  if  not   all  of  the  larvae  failed  to  shcfw  this 
reaction,      ^his  was    interpreted  to  be  due  to  the  preparation 
reaching  a  higher  temperature  so  that  »efe^a  sufficient   change 
was,  produced.      In  the  light   of  further  experiments   it  now 
appears  that  the  rsfractory  period  of  the   larvae  may  account 
for  this  failure   to  respond. 

It  was   demonstrated  in  experiments   performed  in 
Trinidad  and  reported  previously   (PavTie,   1922j  that  upmrd 
migration  was  more  effective  in  a  soil  in  which  there  ".ras 
an  upward  movement  of  water.      This  observation  was   confirjied 
in  Porto  Rico.      In   order  to  observe  the  actual  migration  of 
larvae,   glass  tubes   filled  v/ith  soil  and  inoculated  near  the 
bottom  7J-ith  infective  hookworm  larvae,  were  set  in  petri 
dishes  and  crater  was   gradually  added.     As  the  water  rose 
slovrly  through  the  soil  advancing  ranks  of  larva  could  be 
seen  closely  following  the  highest  portions  of  the  film. 
From  time  to  time   lairyae  would  fail  to  advance  as  rapidly 
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as  the  film  and  would  drop  back  to  follow  more  slowly  and 
with  uncertain  moveinents.  The  current  of  advancing  i-ra-ter 
was  far  too  weak  to  carry  larvae  of  itself.  This  is  shown 
by  the  fact  that  some  larvae  remained  at  the  point  of  inoc- 
ulation and  later  appeared  in  the  water  in  the  petri  dish 
in  spite  of  the  steadily  advancing  water  column.  The  inter- 
pretation of  this  phenonena  is  that  those  larvae  which  vrere 
successful  were  stimulated  by  the  currents  of  advancing  water 
in  the  films  surrounding  the  soil  particles  and  on  the  sides  of 
the  glass  tubes.  At  the  advancing  edge  the  current  in  these 
films  were  most  rapid  and  most  direct  and  the  larvae  ^rhich 
remained  in  this  zone  received  the  most  efficient  stimuli. 
The  larvae  which  dropped  back  found  themselves  in  slower 
currents  and  probably  in  cross  currents.  Those  larvae  which 
for  any  reason  were  unable  to  go  upvrard  from  the  point  of 
inoculation  w^re  caught  in  the  thick  films  and  water-filled 
spaces  which  formed  at  the  base  of  the  wiater  column.  They 
were  deprived  of  their  support  and  gradually  fell  to  the 
petri  dish  in  a  manner  similar  to  the  dropping  of  larvae  in 
the  isolation  apparatus. 

Duplicate  tubes  4"  X  2"  filled  with  soil  were  inoc- 
ulated at  the  top  with  infective  hoolr/rorm  larvae  and  water  was 
gradually  added  at  the  surface.  As  soon  as  the  water  reached 
the  bottom  of  the  tubes  the  material  from  one  of  the  tubes  was 
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divided  into  horizontal  zones  and  tho  larvae  were  isolated 
from  each  zone.   It  was  found  that  66   percent,  of  the  larvae 
recovered  were  in  the  lowest  zone  of  one  inch,  25^  virere  in  the 
next  higher  zone  of  1  inch.  The  control  tube  was  allowed  to 
stand  for  twenty-four  hours  and  no  more  watsr  vms  added. 
Evaporation  during  this  time  was  demonstrated  by  less  of  weight. 
It  was  then  divided  into  similar  zones  and  the  larvae  were  iso- 
lated.   It  was  found  that  90^  of  the  larvae  recovered  were  in 
the  top  zone.   It  is  assumed  that  the  larvae  had  once  reached 
the  bottom  but  vrith  evaporation  and  the  change  in  direction 
of  the  water  column  they  had  returned  to  the  point  of  inoculation. 

It  has  been  demonstrated  in  this  series  of  experiments 
that  the  statements  of  Looss  in  regard  to  the  effect  of  temperature 
and  of  external  contact  vrhich  were  based  on  insufficiently  controlled 
observations  were  nevertheless  substantially  correct.  The  sensitive- 
ness of  the  larvae  to  external  contact  and  to  the  tactile  stimuli 
produced  by  currents  in  the  surrounding  media  is  remarkable.   The 
evidence  brought  out  in  the  experiments  is  sufficient  to  show  that 
this  type  of  stimulus  plays  a  very  important  part  in  vertical  mi- 
gration. 

It  has  besn  demonstrated  that  the  activity  of  the  larva 
is  much  greater  at  about  35°C  than  at  room  tempsrature.  The  activity 
at  intervening  temperatures  has  not  boen  studied  nor  has  it  been 
detarmined  what  is  the  minimum  change  of  temperature  vrhich  will  bring 


-81- 


about  an  alteration  in  tho  activity  of  the  larva.   In 
spite  of  the  increased  activity  at  higher  temperatures  and 
of  the  orientation  of  the  moveraants  of  the  larva  toward  a 
point  of  higher  temperature  it  must  be  doubted  that  thermal 
stimuli  as  such  play  an  important  part  in  vertical  migration 
of  hookvrorm  larvae  in  nature.   In  the  Porto  Rico  field  exper- 
iments larvae  migrated  successfully  from  various  depths  up  to 
three  feet  from  the  surface  and  migration  was  just  as  success- 
ful in  plots  which  were  deeply  shaded  as  in  those  which  received 
the  direct  rays  of  the  tropical  sun.   It  is  not  to  be  supposed 
that  at  depths  greater  than  one  foot  from  the  surface  such  diff- 
erences of  temperature  will  occur  within  the  range  of  the  sense 
organs  of  the  larva  as  will  in  themselves  serve  to  effectively 
orient  its  movements.  Furthermore,  successful  migration  was 
brought  about  in  laboratory  experiments  in  Trinidad  and  Porto 
Rico  which  are  reported  elsevirhore  in  this  paper  and  in  previous 
papers.  The  containers  which  were  used  in  these  exiwriments 
varied  from  a  half  inch  in  diameter  to  four  inches  in  diameter. 
It  is  not  conceivable  that  there  were  such  differences  in  temp- 
erature between  the  top  and  the  bottom  of  these  containers  as 
would  orient  the  travel  of  the  larvae  by  thermal  stimuli  alone. 

Lajrvae  benoath  the  surface  of  the  ground  are  constantly 
within  the  influence  of  currents  in  the  capillary  moisture  films. 
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The  direction  of  the  currents  nay  be  upurard,  downvrard  or 
lateral.  Under  ordinary  circumstances  the  direction  of 
the  currents  is  upward  during  the  greater  part  of  the  time, 
due  to  surface  evaporation.   In  view  of  the  ease  vrith  which 
the  larva  is  made  to  respond  to  very  light  tactile  stimuli 
it  appears  quite  possible  that  the  flow  and  direction  of 
tliesa  currents  may  play  a  very  important  role  in  governing 
the  migration.  It  is  obvious,  however,  that  our  knowledge 
is  not  yet  sufficient  to  determine  what  are  the  stimuli 
vrhich  initiate  migration  nor  by  what  influences  its  direction 
is  governed. 

Tlie  assiunption  that  the  currents  within  the  capillary 
films  of  soil  water  influence  the  direction  of  migration  would 
explain  the  absence  of  active  lateral  migration  on  the  surface. 
Currents  in  the  capillary  moisture  films  on  the  superficial 
particles  of  soil  are  necessarily  varied  and  transient.  There 
can  be  no  such  uniformity  as  would  be  necessary  to  produce  per- 
sistent lateral  travel.  The  same  assvimption  would  explain  the 
observation  noted  in  a  previous  paper  that  larvae  failed  to  mi- 
grate vertically  on  the  sides  of  an  experimental  pit  latrine. 
In  this  case  evaporation  was  from  a  vertical  surface  and  conse- 
quently the  currents  of  soil  moisture  to  this  surface  were 
lateral. 
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THB  I.ECHANISM  OF  VERTICAL  MIGRATION. 

In  order  to  understand  in  what  manner  the  hookworm 
larva  accoiaplishes  progressive  movements  in  any  position  or 

direction  the  organisms  were  first  studied  on  microscopic 

cover 
slides  mounted  in  tap  water  without  y^lasses.   It  has  been  det- 
ermined that  in  a  deep  drop  of  water  when  temperature  conditions 
are  practically  constant  and  there  are  no  external  conditions 
which  bring  about  movement  within  the  drop  the  larva  soon  rests 
on  the  slide  and  such  movements  as  it  makes  are  not  productive 
of  effective  locomotion.   If  the  larva  is  vratched  for  a  suffic- 
iently long  time  and  by  the  intervention  of  some  favorable  con- 
dition, such  as  temperature  chariges,  it  finds  its  way  to  the 
edge  of  the  drop,  in  the  great  majority  of  cases  it  will  remain 
there  with  its  head  pointing  outyrards.   If  the  larva  is  placed 
in  a  relatively  shallow  drop  of  water  or  if  the  original  drop 
is  allowed  to  evaporate,  the  type  of  activity  of  the  larva  changes 
markedly.  As  soon  as  the  air-water  film  is  at  such  a  distance  from 
the  slide  that  the  larva  impinges  upon  it  in  its  movoF.ents  it  is 
able  to  travel  ?rith  greater  speed  and  its  movements  become  more 
purposeful.  This  phenomenon  was  noted  by  Looss  (Looss,  Vol.  2, 
p.  420;.   Looss  ascribed  the  effective  locomotion  to  friction 
between  the  larva  and  the  substratum.  The  evidence  obtained  in 
the  present  study  indicates  that  the  larva  obtains  the  necessary 
resistance  by  making  use  of  the  opposing  forces  of  the  surface  film 
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and  the  solid  substratvun,  Havin-;  once  reached  the  edge  of 
the  drop,  it  is  unusual  for  the  larva  to  leave  the  zone  in 
vrhich  the  surfe.ce  film  curves  steepljf  dov-rnivard  to  meet  the 
slide. 

It  has  been  noted  that  in  drops  of  such  depth  that 
simultaneous  pressure  against  the  substratum  and  surface  film 
cannot  be  obtained  locomotion  may  bo  accomplished  by  pressing 
the  head  against  the  substratum,  throwing  the  body  forr^ard, 
advancing  the  head  and  repeating  the  process. 

At  the  edge  of  the  drop  it  is  characteristic  for  the 
larva  to  throw  itself  violently  against  the  encircling  film. 
This  attack  on  the  film  is  repeated  time  after  time  but  it  is 
onlj''  when  the  layer  of  water  is  very  thin  and  consequently  the 
resistance  which  can  be  utilized  is  at  the  raaximum  that  it  is 
able  to  cause  any  marked  protrusion  in  the  outline  of  the  film 
(Fig.  VII).  There  comes  a  time,  however,  in  the  reduction  of 
the  amount  of  water  when  the  pressure  apparently  holds  the  larva 
or  a  part  of  the  larva  fast.   It  has  beon  observed,  for  example, 
that  a  larva  slipped  to  one  end  of  his  sheath  and  the  empty  end 
was  caught  fast  by  the  attenuating  surface  film  and  the  larva 
was  no  longer  able  to  raise  it  sufficiently  to  re-enter.   It  mil 
be  understood  that  on  a  clean  slide  with  a  larva  in  \rater  the 
last  traces  of  water  to  renain  will  surround  the  larva  in  a  very 
thin  layer.   If  fresh  water  be  brought  over  the  larva  very  carefully 
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Figure  TTI.      Larvae  on  slide  with  coverglass  and 
small  amount   of  vmter.      Showing  pressure  of 
larvae  against  air-vrnter  surfaces  and  res- 
triction of  range  of  movements. 


-86- 


fron  the  anterior  end  it  vfill  be  noted  that  at  first 
only  the  end  of  the  larva  is  able  to  move  v^hile  the  remain- 
der appears  to  be  held  dovm  but  becomes  free  as  the  layer 
of  water  over  it  becomes  deeper.   If  there  are  a  nvuT.ber  of 
larvae  near  to  one  another  on  the  drying  slide  the  diminish- 
ing margin  of  the  surface  film  causes  the  larvae  to  be  brought 
closer  and  closer  together  and  they  are  usually  finally  caught 
in  a  longitudinal  strand  and  held  by  surface  tension.  (Figs. 
VIII). 

In  order  to  observe  directly  the  activity  of  the 
migrating  larvae,  open  glass  tubes  of  various  sizes  from  five 
millimeters  to  fifty  millimeters  in  diameter  were  filled  with 
soil.  Each  was  inoculated  near  its  lower  end  v/ith  a  large 
number  of  infective  larvae.  The  tube  was  then  placed  in  a 
shallow  vessel  and  water  slowly  added  at  the  bottom  so  it 
rose  in  the  soil  by  capillarity.  The  movements  of  the  larvae 
were  watched  with  the  assistance  of  a  hand  lens  and  a  binocular 
microscope.  It  was  observed  that  the  larvae  moved  on  the  soil 
particles  in  the  same  manner  as  upon  the  glass  slide.  They  were 
enabled  to  move  freely  by  the  presence  of  an  optimum  amount  of 
moisture,  were  caught  by  a  marked  reduction  in  the  amount  of 
moisture,  and  were  apparently  not  able  to  make  such  effective 
progress  in  the  presence  of  excessive  moisture.  Progress .from 
one  soil  particle  to  another  v/as  usually  made  by  the  larva  raising 
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Figure  VIII.  Larvae  migrating  from  glass  container  in  strands, 
supported  and  dravm  together  by  surface  tension  of  moisture 
of  condensation.  Searching  position  shovm  by  tufts  at 
upper  inargin. 


itself  perpendi collar  to  its  substratum  and  searching  for 
a  nearby  particle  (Fig<S,  VKJ;.  ^''hen  contact  was  established 
tho  moisture  films  of  the  two  particles  became  continuous 
and  the  larva  could  move  from  one  to  the  other.  Occasionally 
the  larvae  moved  from  one  particle  to  another  through  the 
pre-existing  bridges  of  water.  It  was  also  observed  that 
when  many  larvae  were  present  bridges  from  particle  to  particle 
were  formed  by  two  or  more  larvae.  A  larva  moving  on  a  soil 
particle  would  come  in  contact  with  another  larva  v/hich  was 
extended  perpendiciilar  to  the  surface  in  the  searching  position 
The  second  larva  would  move  outward  along  the  body  of  the  first 
and  vras  able  to  extend  somewhat  beyong  the  head  of  the  first 
so  that  the  range  of  the  search  was  extended.  There  wero  in- 
stances in  vj'hich  a  third,  a  fourth  and  even  a  fifty  larva  took 
part  in  the  search  for  a  common  f ootitg  in  a  ne^r  location  at  a 
higher  level,  the  appearance  of  the  group  suggested  a  short 
rope.  The  larvae  were  closely  bound  together  by  the  surface  forces 
in  the  moisture  surrounding  them.  ^.T/hen  contact  was  made  with  the 
new  location  the  moisture  film  at  this  point  became  continuous 
with  that  covering  the  larvae  and  they  formed  a  living  bridge 
between  the  soil  particles.  They  vrere  then  able  one  after  the 
other  to  take  up  their  travels  over  the  new  path. 

It  was  noted  that  when  a  larva  crossed  a  gap  between 

sufficiently 
two  particles  it  was  apparently  very  difficult  to  raise  the  film/ 
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to  bring  about  continuity  across  the  space.  The  first 
movements  of  the  anterior  portion  of  the  body  upon  the 
new  particle  were  deliberate  but  tvhon  the  tail  left  the 
first  particle  and  the  continuity  of  the  moisture  was 
broken  the  body  of  the  larva  went  forward  to  the  new 
particle  with  such  suddenness  that  it  appeared  to  be 
jerked.  This  is  probably  due  to  the  fact  that  in  the 
breaking  of  the  film  surrounding  the  larva  a  netw  film 
with  a  very  small  radius  of  curvature  was  formed  around 
the  tail.  The  pressure  at  this  point  was  greater  than  at 
any  other  point  on  the  larva  and  the  result  was  a  forvj-ard 
push  in  which  the  surface  film  was  the  propelling  agent. 

3ottrce  of  Energy  for  Migration. 

It  has  been  shown  by  experiments  previously  re- 
ported (Payne,  1923)  that  a  vertical  migration  of  at  least 
three  feet  is  possible  for  the  mature  larva  of  Necator 
americanus ■   The  mere  change  in  vertical  position  involves 
the  expenditure  of  energy.  Though  it  may  appear  that  the 
work  done  in  such  a  migration  is  so  small  as  to  be  insigni- 
ficant, if  we  use  a  very  crude  comparison  for  the  sake  of 
bringing  the  picture  within  the  range  of  ordinary  conceptions, 
the  ascent  of  three  feet  by  the  larva  is  equivalent  to  a 
climb  of  about  eight  thousand  feet  by  five  and  a  half  foot  man. 
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This  ccjmparison  is  based  on  a  relationship  of  length  to 

distance  travelled  and  is  valueless  except  as  a  compasison 

of  distances,  yet  when  it  is  considered  how  inefficient  are 

the  means  of  the  larva's  locomotion  and  how  many  obstacles 

it  must  overcome  it  becomes  obvious  t'.at  its  energy  expendi- 

very 
ture  must  be  relativelj^'/great.   It  has  been  shovm  in  another 

portion  of  this  paper  that  migration  does  not  begin  until 

maturity  has  been  reached.  At  this  time  the  larva's  pharynx 

is  closed  so  no  more  food  can  be  ingested.  Therefore  tlie 

energy  requirements  for  migration  must  be  supplied  from  within 

the  body  of  the  larva.  For  this  purpose  there  are  stored  very 

large  numbers  of  granules  v;hich  are  built  up  during  the  period 

of  feeding  prior  to  the  beginning  of  the  second  ecdysis.  The 

nature  of  these  granules  and  the  locations  in  v/hich  they  are 

stored  have  been  insufficiently  studied  but  it  is  generally 

stated  of  nematode  larvae  that  the  food  granules  are  stored 

in  the  intestinal  cells.   In  the  case  of  Necator  americanus 

there  are  evidently  other  points  of  storage  because  the  granule 

in  well  nourished  larvae  extend  far  anterior  to  oesophageal 

bulb  and  so  cannot  be  entirely  in  the  intestinal  cells.   If  is 

unfortunate  that  in  larvae  in  vrhich  this  condition  occurs  the 

granules  are  no  numerous  that  the  study  of  anatomical  details 

is  greatly  hindered.   It  can  now  only  be  suggested  that  there 
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appear  to  be  structures  probably  of  mesodermal  origin 
which  serve  for  the  storage  of  nutritive  material  in  the 
mature  larvae  of  Necator  ainericanus.  'iThether  there  is  a 
difference  bet7,'een  the  granules  stored  in  the  intestinal 
cells  and  those  stored  in  other  structures  cannot  be  de- 
termined ;Tithout  much  further  study.   It  was  suggested  in 
an  earlier  paper  (Payne,  1922)  that  the  food  granules  in 
the  anterior  and  posterior  extremities  of  the  larvae  dis- 
appear before  those  which  are  located  definitely  within 
the  cells  of  the  intestine.  This  obsorvation  has  been  made 
in  all  subsequent  v/-ork  but  the  interpretation  of  it  is  still 
most  obscure  and  probably  depends  on  the  determination  of  the 
nature  of  the  granules  themselves.   It  is  quite  possible  that 
there  are  at  least  two  different  kinds  of  granules  which  are 
used  differentially  in  supplying  the  requirements  of  the  larva. 
It  is  also  possible  that  some  or  all  of  the  granules  which 
appear  to  be  in  mesodermal  structures  may  be  stored  in  a  part 
of  the  muscle  cells  themselves  and  if  this  is  the  case  it  is 
quite  likely  that  such  material  would  be  used  before  material 
which  it  would  be  necessary  to  transport  from  other  structures. 

In  order  to  throv."-  some  light  on  the  nature  of  the  gran- 
ules the  follovj-ing  experiments  were  carried  out: 

1.  Larvae  were  stained  with  Sudan  III  by  keeping  them 
for  several  hours  in  a  very  dilute  solution  of  the  stain.  The 
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The   stain  was  freshly  prepared  each  ticie  by  diluting  a 
stock  alcoholic  solution  with  about  ten  volumes   of  water. 
This   stain  penetrated  the  unsheathed  larvae  and  in  a  fev/- 
cases   stained  the   granules  -vrithout  undue  distortion  of  the 
cells.     The  result   showed  that  the  well  nourished  larvae 
contianed  large  closely  packed  granules  which  stained  a 
dark  reddish  brown  vfith  Sudan  III  and  some  smaller  granules 
which  were  not  affected  by  tlie  stain.     Both  types   of  granules 
were  seen  throtighout  the   length  of  the  larvae.      The  unstained 
granules  were  seen  only  near  the  periphery  of  the  larvae  but 
any  v/^hich  occurred  in  other  portions  would  probably  have  been 
obscured  by  the  more  abundant  and  larger  stained  granules. 
This  result   indicates  that  a  large  part   of  the   larva's  nutri- 
tive store  is  in  the   form  of  some  type   of  fat. 

2.  larvae  were  placed  on  a  slide  Td.th  cover  glass 
and  a  small  amount   of  tincture   of  iodine  was  allov/ed  to  enter 
the  preparation.     Examination  at  intervals  for  several  hours 
f ailed  to  show  any  differenijv  staining  of  the  granules.      This 
indicates  that  glycogen  is  not   stored  in  appreciable   quantities 
among  the  nutritive  granules   of  the  larvae. 

3.  Dr.   N.   A.   Cobb  of  the  Bureau  of  riant   Industry, 
United  States  DepartnBnt   of  Agriculture,   kindly  examined  the 
granules  in  young  and  old  larvae  by  means   of  polarized  light 
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and  demonstrated  that  in  addition  to  the  larger  masses 
of  fat  there  were  present  in  all  larvae  very  much  finer 
bi-refringent  granules.  These  vrere  seen  most  readily 
in  the  older  larvae  '.There  there  was  no  interference  from 
the  larger  granules.   It  appeared  fhat  the  small  bi-refrin- 
gent granules  were  not  diminished  in  numbers  in  the  older 
larvae . 

All  studies  of  migration  in  tbds  series  have 
included  careful  observation  of  the  distribution  of  nutri- 
tive granules  within  the  larvae  before  migration  and  after 
all  stages  at  -.ihich  isolations  were  made.   Permanent  records 
of  these  observations  were  made  in  the  form  of  photographs 
of  the  larvae  studied.   It  was  assvuned  that  the  energy  which 
a  larva  is  capable  of  expending  is  measured  quantitatively 
by  the  abundance  of  the  granules  and  therefore  that  the  gran- 
ules may  be  also  taken  as  a  measure  of  the  physiological  age 
of  the  larva.  The  number  of  granules  being  related  to  age 
in  an  inverse  ratio.  It  is  realized  that  these  assumptions 
are  subject  to  errors  due  to  lack  of  knowledge  of  the  precise 
nature  of  the  granules  but  in  general  the  observations  on  the 
number  of  granules  ^present  harmonized  very  closely  with  loiotm 
data  concerning  the  history  and  behavior  of  the  Isu-vae. 

Larvae  which  have  been  produced  from  the  best  cultural 
conditions  are  very  dark  when  observed  by  transmitted j. light. 
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Tho  abundant  food  granules  so  completely  obscure  anatomical 
details  as  to  render  study  of  internal  structure  difficult 
if  not  impossible.  The  granules  extend  from  near  the  tail 
to  the  most  anterior  portion  of  the  larvae  and  are  most 
abundant  fron  oesophageal  bulb  through  the  middle  one  third 
of  the  body.  At  this  time  the  granules  are  very  coarse  but 
there  is  considerable  variation  in  size.   As  the  laiTa  grows 
older  or  migrates  the  granules  disappear  from  the  extremities 
and  early  in  its  life  span  the  bulb  of  the  oesophagus  and 
structures  anterior  to  it  become  visible.  At  the  sane  time 
there  is  an  increase  in  the  transparency  of  the.  middle  portion 
of  the  body.   It  has  not  been  determined  -whether  the  earliest 
change  is  due  to  an  actual  decrease  in  the  nui-nber  of  the  granules 
or  to  a  reduction  in  the  size  of  the  granules  '.rith  consequent 
increase  in  unoccupied  interstitial  space.  The  impression  is 
given  that  the  latter  is  the  case.   Certainly  at  this  stage  the 
granules  appear  to  be  less  coarse  than  in  the  earlier  stage. 
^Yith  advancing  age  or  with  farther  migration  there  is  actual 
disappearance  of  the  granules  from  the  periphery  of  the  middle 
portion  of  the  body  and  a  later  reduction  in  the  number  and  size 
of  the  granules  in  the  intestinal  cells.  The  granules  apparently 
disappear  from  the  margins  of  the  intestinal  cells  first  and  the 
blocking  of  the  individual  cells  becomes  clear  even  under  very 
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low  magnification.  In  the  torminal  stages  of  the  use  of 
the  nutritive  granules  they  remain  only  in  a  part  of  the 
intestinal  cells  in  the  anterior  portion  and  are  visible 
only  in  lateral  views  of  the  larva.  These  final  granules 
are  very  small  and  are  ranged  along  the  base  of  the  cell 
on  the  dorsal  and  ventral  sides  of  the  intestine. 

Early  in  the  investigations  it  was  noted  that 
the  disappearance  of  food  granules ,  vrhile  very  rapid  and 
progressive  during  the  course  of  migration,  was  not  alvrays 
proportional  to  the  distance  migrated.   It  was  shown  that 
under  the  conditions  Tfhich  existed  in  the  Trinidad  experi- 
ments (Payne,  1922)  there  was  a  very  marked  reduction  in 
the  number  of  food  granules  even  after  migrations  of  as 
small  a  distance  as  one  inch.  This  observation  was  con- 
firmed in  Porto  Rican  soils  with  nwoh  clay  present.  In 
the  more  loose  sandy  loam  of  Porto  Pdco  in  which  migration 
was  so  successful  (Payne,  1923 J  such  rxigrations  gave  by  no 
means  the  same  disappearance  of  food  granules  but  even  in 
this  soil  migrations  of  one  foot  or  more  used  up  a  great 
part  of  the  available  nutritive  naterial. 

There  can  be  little  question  that  these  variations 
were  due  to  the  fact  that  there  are  factors  bringing  demands 
for  energy  other  than  the  net  vertical  distance  travelled. 
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Among  these  factors  are  friction,  energy  wasted  in  unpro- 
ductive wandering,  and  work  done  in  lifting  the  surface  film 
of  water  in  searching  for  opportimities  to  pass  from  particle 
to  particle. 

The  friction  which  must  be  overcome  by  the  larva 
varies  in  a  large  measure  with  the  pressure  of  the  surface  film 
and  this  in  turn  varies  inversely  with  the  size  of  the  soil 
particle.  Therefore,  in  soil  with  small  particles  the  friction 
is  greater  thian  in  soil  vrith  large  particles  consequently  the 
use  of  food  granules  should  be  more  rapid  for  a  ^i"''®'^  distance 
travelled  in  fine  soil  than  in  coarse  soil  (Fig.  IXj.  This 
conclusion  to  which  one  is  led  by  theoretical  considerations 
would  cause  one  to  anticipate  that,  in  general,  migration  would 
be  restricted  as  the  proportion  of  fine  particles  increases. 
In  actual  experiments  it  vras  shown  that  in  the  sandy  loam  of 
Porto  Rico  T/ith  relatively  large  particles  migration  v/as  rapid 
and  reached  distances  as  great  as  thirty-six  inches.  In  Trinidad 
where  the  garden  soil  contained  a  large  proportion  of  small  particles,  no 
migration  greater  than  nine  inches  was  recorded.   In  one  of  the  clay 
soils  of  Porto  Rico  with  an  admixture  of  particles  of  sand  migration 
up  to  ten  inches  was  obtained  but  in  a  finer  clay  migration  v;as 
practically  inhibited.  A  mechanical  analysis  of  the  soils  might 
supply  additional  evidence  on  this  question.  For  this  purpose 
specimens  of  the  soils  were  submitted  to  the  Bureau  of  Soils, 
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Fig.    IX.      Larvae  which  have  migrated  in  soil  of  different  types 
(a).   Trinidad  garden  soil-migration  6  3/4  inches. 
(b)  Porto  Rican  sandy  loam,  migration  8  inches, 
(c)   Porto  Rican  red  clay-migration -6  inches. 
(d)  Porto  Rican  vrhite   clay.  Migration  3  inches. 
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United  States  Department  of  Agriculture.   The  results  have 

not  yet  been  reported. 

In  the  experiments  previously  mentioned  in  ^Thich  the 

migration  of  larvae  in  glass  tubes  was  v/atched,  it  tras  shovjn 

that  under  conditions  of  relatively  stable  equilibrium  of  the 

forces  controlling  the  moisture  there  was  much  wasted  energy 

in  the  attempt  of  the  larva  to  migrate.  Under  such  conditions 

it  appeared  that  the  larvae  were  not  iroll   oriented  as  regards 

direction.  The  larvae  often  v/andered  back  and  forth  for  a 

considerable  length  of  time  in  a  single  horizontal  zone  before 

finally  leaving  it  for  a  higher  level.  The  direction  of  its 

be 
movement  might/at  any  given  instant  horizontal  upirards,  or 

dovmwards  but  the  net  result  was  nearly  always  up^rards.   It 
has  been  noted  that  even  in  cases  where  migration  of  the  majority 
of  the  larvae  was  quite  !3uccessful,  a  foir  larvae  could  nearly 
altrays  bo  recovered  fron  the  lower  layers  of  the  soil  and  these 
larvae  often  had  very  few  granules  remaining  (Fig.  X).  This  vras 
interpreted  to  mean  that  tliesa  larvaa  had  failed  to  find  the  path 
over  which  they  could  migrate  and  had  used  up  all  of  their  avail- 
able energy  in  wandering  v/ithout  making  succossfal  progress  vert- 
ically. 

Passage  of  the  larva  from  one  particle  to  another, 
either  vertically  or  horizontally  or  do-<mvrard,  involves  extending 
the  water  film  from  the  original  particle  to  the  second  particle. 
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Fig.  X.  Larvae  taken  froia  top  (a)  and  (b)  bottom  layers 
of  Porto  Rican  sandy  loan. 
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An  exception  to  this  general  statement   occurs  in   case 
the  larva  passes  through  one  of  the  bridges  of  moisture 
iThich  joins  the   particles    (Fig.  XI). 

The    larrao   observed  xrera   obliged  to  lift  the 
crater --air  fiLn  many  times   in  the  search  for  each  opportunity 
to  bridge  a  gap.      The  lifting  of  the  film  requires  vrork,  for 
additional  area  is  added  to  the  vratar-air  surface   surrounding 
the   soil  particle.     The  new  area  of  surface  surrounds  the 
larva   in  a  conical  form  and  may  be  likened  to  a  tent  v/hich 
the   larva  must   support  but   it   is  applied  very  close  to  the 
larva  except  at  the  point  where   it   curves   outv/ard  in  continuity 
T/ith  the  surface  which  surrounds  the  soil  particle./  Tlie  extension 
of  t!Te  surface  film  requires  the  expenditure  of  energy  and  the 
work  done   is  tho  product   of  the  increase  in  area  by  the   surface 
tension.     Ifit  i*  be  calculated  on  the  assumption  tliat  2/3   of 
the  larva  is  extended  beyond  the   original  surface  and  that  the 
increase  in  area  is  about   60%  greater  than  the  area  of  this 
portion   of  the   larva  it  is   found  that  the  vj-ork  done  in  moving 
the   larva  a  vertical  distance  equal   to  its  length,   disregarding 
friction.      Therefore,    it  appears  tliat  the  rjducbion  in  food 
granules  in  migration   should  vary  greatly  according  to  the 
amount   of  searcrdng  of  this  type  tJiat   is  required. 

The  searching  activity  involves  not  only  the   lifting 
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Figure  XI.  Schonatic  representation  of  larvae 

among  soil  particles.  (Modified  from  Schlichter). 
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Figure  XII.   Larva  extending  itself  in 

searching  position  frora  soil  particle. 
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of  the  filra  but  the  stretching  of  the  fiL-a  during  tho 
searching  movements  and  the  support  of  tho  film  during 
long  periods   of  quiet  in  the  perpendicular  position. 
The  larvae  have  been  observed  to  retain  this  position 
under  exporimental  conditions  for  periods   of  ono-half 
hour   or  more  and  tlie  time  could  probably  be  extended 
very  much  longer  if  absolutely  constant  conditions   could 
be  maintained.      Lack  of  knov/-ledge  of  all   of  the  stimuli 
to  which  the   larva  responds  prevents  perfect  control  of 
such  obsorv:itions.      It   is   loiown  that   on  the  surface  the 
larva  may  remain  for   several  weeks  ready  to  throw  itself 
into  the  erect  position  in  response  to  vory  slight  stimuli 
and  to  maintain  that   position  for  long  periods   of  time. 

The  fact  that  the  support   of  the  -iirater-air  filn  re- 
quires the  constant  maintenance   of  tone  in  the  larva's  muscle 
and  that  this   phenomena  constitutes  so  large  a  part  of  the 
larva's   activibies  vfould  lead  one  to  believe  that  there   should 
be  a  rapid  using  up  of  nutritive  material  during  such  activity, 
comparable  to  that  -v/hich  occurs  during  migration.      That  this   is 
not  the   case  is  shown  by  the  fact  that  the  disappearance  of 
food  granules  becomes  very  much  slo^rer  after  migrating  Isirvae 
have  reached  the   surface.     This   indicates  that  there  must  be 
some  means   for  the   conservation   of  the  nutritive  material 


-.Thich  snables  the  production  of  the  inaxiraun  amount  of 
energy  from  it  and  theroforo  prolongs  tho   larva's   life. 
This  nechanism  has  beon  sought   in  a  study  of  the  activity 
of  the   larva  in  tap  watgr  under  various  experimental  con- 
lit  ions  vrhidh  have  been  described  in  the   studies   of  the 
stimuli  -.Thich  influence  the  larva  and  the   cor  relation  of 
these  observations  with  ianorjrn  facts   in  the  physiology  of 
other  animals. 

It  must  be  obvious  that   if  the  musculature  of 
the   larva  were  of  the  striated  type  such  as  that  found  in 
man  the   continuous  maintenance  of  sufficient  tone  to  support 
the  water-air  film  would  require  a  continuous  expenditure 
of  energy  at  a  comparatively  rapid  rate.     Under  oUch  conditions 
the   life  of  tho    larva  on  the  surface,   subject  to  many  stimuli, 
would  be  a  short   one.     Detailed  histological  studies  of  tiio 
musculature  of  either  adults   or  larvae   of  the  genus  NecaJ^ 
are  not  available  but   it  is   reasonable  to  suppose  that  the 
cells  are  of  the   type  generally  found  in   closely  related 
forms  and  described  by  Golds climidt    (       "905     (  . 
This  type  is  a  modified  form  of  the  usual   spindle-shaped 
smooth-muscle  cell.     T7e  should  expect  that  the  muscles   of  the 
hoolororm  lairva  .rould  function   in  the   same  way  as  the   smooth 
muscle   of  soaia  of  the   other  animals.     Investigations  on  the 
metabolism  during  work  by  smooth  muscle  are  sxKunarized  as 
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follows  by  Bayliss    (1918,   page  6B8): 

"The  neicb  question  with  which  we  are  faced  in  the 
consideration  of  this  prolonged  "tonic"  contraction  of  smooth 
muscle  is  vrhether  the  state  is  associated  with  any  increase 
of  metabolism  beyond  the  normal  one.      If  the  muscle  is  held 
in  the  shortened  position  by  a  catch  or  rachet  mechanisra,   it 
would  appear  that  increase  is  not  to  be  expected,   or  of  a 
much  less  degree  than  in  tetanic  contraction. 

"Parnas    (1910)  has,  in  fact,  made  experiments  which 
sha\T  that,    in  the  bivalve  mollusc,  none  is  to  be  detected.     He 
los.ded  mussels    (Anodonta),  vrhose  adductor  muscles  had  an  area 
in   section   of  0.3   sq.    cm.  with  a  weight   of  3,000  g.   for   three 
hours   and  found  no  increase  in  the  respiratory  exchange,  eiiiher 
during  or  after  the  loading.      Indeed,   if  one  compares  the  entire 
respiratory  ©xshasge,    of  these  animals    ,  under  the  conditions 
stated,  with  the  increase  in  that   of  a  skeletal  muscle   of  the 
mammal,   also  holding  a  vreight   of  3,000  g.   per  0.3  sq'.    cm.,   it 
only  amounts  to  about  0.00003   of  the  latter,   calculated  from 
results   on  the  entire  metabolism  in  man.      The  anodon  muscle 
uses  0.008  mg.    of  oxygen  per  hour,  as  compared  vrith  some  2.8  mg. 
for  the  gastrocnemus   of  the  cat    (Verzar,   1912,   p.   248): 

"Take  another  experiment  by  Parnas   on  three   specimens 
of  Venus ,  which  consuraed  3.222  mg.   of  o:cygen  in  four  hours,   or 
0.305  mg.   per  hour.     Loaded  \ri.th  1,000  g.   each  for  three  hours, 
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the  consuraption  was  0.736  ing.  per  hour,  and,  subsequently, 
without  load  for  three  hours,  0,311  rag.  per  hour.  A  Pectan 
consumed,  at  rest,  0.672  mg.  of  oxygen  per  hour;  under  a  load 
of  500  g.,  0.679  mg.  per  hour. 

"Bethe  (1911)  investigated  the  question  in  another 
way  and  confirmed  the  view  of  Parnas.  He  found  that  no  evidence 
was  to  be  obtained  of  fatigue  nor  of  loss  of  weight  in  fasting 
molluscs  holding  up  a  weight  for  a  considerable  time.   If  the 
consumption  of  carbohydrate  had  been  comparable  with  that  of 
cross -striated,  skeletal,  vertebrate  muscle,  an  amount  greater 
than  the  weight  of  the  entire  animal  nust  have  been  burnt  up. 

"An  interesting  calculation  is  made  by  Bethe  on  the 
tonus  of  the  arterioles  in  a  msunmal.   If  the  mechanism  were  like 
that  of  the  skeletal  muscle,  1/6  to  l/4  of  the  whole  resting 
metabolism  of  the  siniraal  would  be  in  the  arterioles. 

"The  strength  with  which  a  bivalve  mollusc  holds  its 
shells  together  is  kno;-im  to  every  one  v/ho  has  tried  to  open  an 
oyster  by  merely  pulling  the  shells  apart.  On  the  face  of  it, 
thero  is  nothing  to  suggest  that  this  fact  may  not  be  due  to 
the  reflex  contraction  of  a  powerful  muscle.  It  is  found,  hawever, 
that  v/eights  may  be  arranged  to  pull  continuously,  and  yet  the  shells 
remain  firmly  closed  against  a  considerable  force  for  days.   To  take 
an  example,  it  requires  a  tension  to  be  exerted  by  each  square 
centimeter  of  the  adductor  of  Dioxinia  exoleta  equivalent  to  the 
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■vreight  of  2,400  g.   in  ordei'  to  close  the   shells  against  the 
elastic  cushion   'irhich  forces  then  open.     Yet  the  animal  can 
do  this  for  twenty  to  thirty  days   continuously  without  evidence 
of  fatigue    (Parnas,   1910).      Consideration  of  such  facts  led 
Grutzner    (1904)  to  suggest  that  the  muscle  fibres  cannot  be 
exerting  tensile  stress  by  a  continuous  excitatory  process, 
but  that  the  fibres  must  be   "hooked  up"  in  some   r/ay,  by  a 
kind  of  arrangement   similar  to  a  ra^het ,  and  kept   in  the  pos- 
ition to  vfhich  the   shortening  process  brought  then.      If  we 
raise  a  Tfeight  to  a  certain  height  and  hold  it   suspended,  we 
have  seen  that  considerable  work  has  to  be  done  all  the  time, 
and  that   fatigue  soon  results.     But  if  a  bolt  is  shot   out 
under  the  weight,   so  as  to  support   it,   it  remains  in  the 
raised  position  without  any  further  expenditure  of  energy 
on  our  part." 

That  such  a  mechanism  is  operative  in  the  larvae 
studied  as  Yirell  as  in  the  forms  studied  by  the  physiologists, 
who  have  been  quoted  is  suggested  by  the  refractory  periods 
which  were  shovm  in  the   studies   on  the  activity  of  the  larvae. 
During  these  periods  the  larvae  usually  assumed  positions   in 
vrhich  they  ".rere  bent   in  one  or  more  planes.      They  usually  appeared 
cramped  or   conti^ted.     Occasionally  they  were  straight.     During 
such  periods  the  larvae  failed  to  respond  to  all   ordinary  stimuli. 
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YJhen  movod  about  by  currents  their  position  did  not  change 

or  changed  only  very  gradually.   In  the  transition  between 

the  refractory  period  and  the  period  of  activity  tliere  'sms 

frequently  a  phase  of  ai.Tkward  and  hesitating  movements  as 

though  ths  animal  was  tha'.ring  after  having  besn  frozen. 

The  portions  of  the  body  vrhich  7/ere  sharply  bent  during  tho  rafract- 

ory  periods  ..Tere  frequently  tho  last  ones  to  resiime  free  aoti/ity. 

By  way  of  summary  it  may  be  said  tliat  in  order  to  ex- 
plain the  slaw   disappearance  of  the  nutritive  granules  during 
the  activities  involved  in  its  searching  movements  we  may  assume 
that  when  the  larva  has  performed  the  relatively  large  amount 
of  work  involved  in  extending  the  water -air  surface  to  enable 
it  to  assume  the  perpendicular  position  its  muscles  become 
"locked"  in  such  a  manner  that  the  position  is  maintained  and 
the  film  supported  without  the  use  of  additional  energy,  Th© 
waving  of  the  larva  under  mild  stimuli  does  not  extend  through 
a  very  large  angle  and  apparently  does  not  involve  the  entire 
length  of  the  larva.  Therefore,  it  is  possible  that  this  move- 
ment may  not  affect  the  tonus  of  tho  muscles,  which  are  acting 
to  support  the  film.  The  vrork  done  in  waving,  therefore,  would 
be  the  relatively  small  amount  involved  in  producing  nevf  surface 
on  the  convex  side  of  the  larva  during  each  oscillation.   The 
energy  required  for  this  is  partly  balanced  by  energy  released 
through  tho  reduction  of  the  surface  on  the  concave  side. 
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The  expst'imental  work  ha3  shown  that  very- 
slight  stimuli  cause  the  larva  to  e:cfcend  oufemrds  from 
their  substratum  or  to  retire.  A  slight  addition  of 
moisture  from  above  or  from  below  so  alters  the  conditions 
affecting  the  equilibriimi  in  the  soil  moisture  that  larvae 
present  either  retire  through  the  influence  of  the  stimuli 
or  are  forced  down  by  the  movorients  in  the  water.  Changes 
in  temperature  are  of  great  importance,  slight  warming  of 
the  surface  brings  about  great  activity  and  extension  of 
the  larvae  from  the  substra.tum  if  other  conditions  are 
favorable,   warming  the  substratum  causes  larvae  already 
extended  to  retire  toward  a  lower  level.  Air  currents 
bring  about  movements  in  larvae  already  extended,  probably 
through  evaporation  and  changes  in  the  equilibrium  of  the 
forces  in  the  soil  moisture.  Therefore,  vre  may  conclude 
that  larvae  v/hich  are  so  piaced  as  to  be  subject  to^freqaent 
stimulation  will  expend  energy  at  a  greater  rate  than  those 
which  are  located  under  relatively  constant  conditions.  The 
greater  exi^enditure  of  energy  will  bring  about  a  more  rapid 
reduction  in  nutritive  material  and  thereby  shorten  the  life 
of  the  larvae.  This  asstimption  is  experimentally  confii-med 
by  Augustine  (1923)  in  a  coEparison  of  the  length  of  life  of 
larvae  under  conditions  of  frequent  wetting  and  drying  and 
under  relatively  constant  conditions  in  deep  shade.  The 
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fact  that  the  larvae  recovered  fron  the  lower  levels 
of  migration  experiments  nearly  always  shov/ed  a  great 
reduction  in  nutriti^ve  material  indicates  that  these  larvae 
had  been  active  but  that  their  activity  had  not  resulted  in 
effective  migration.   It  was  frequently  true  that  larva© 
from  the  lower  levels  shcvrad  greater  reduction  in  granules 
than  those  which  had  successfully  reached  the  surface  and 
had  remained  there.   It  is  probable  that  these  larvae  which 
failed  to  reach  the  surface  had  encountered  stimuli  which 
brought  about  migration  along  paths  which  did  not  lead  to 
the  surface.   It  is  possible  also,  that  some  larvae  which 
had  reached  to  the  surface  or  near  to  it  vfere  caused  to  take 
a  donsmward  direction  by  temperature  or  moisture  changes  and 
T/ere  unable  to  return. 

It  has  been  observed  that  under  a  nudbor  of  differ- 
ent conditions  the  larva  adopts  a  type  of  activity  in  vrhich 
the  anterior  end  of  the  body,  including  various  lengths  as 
far  back  as  the  oesophogeal  bulb,  was  held  rigid  and  ims  bent 
forcibly  at  an  agnle  vrith  the  remainder  of  the  body.   It  is 
assumed  that  this  rigidity  is  attained  through  the  activity 
of  such  mechanisnas  the  hypothetical  "lock."  This  type  of 
activity  is  adopted  in  the  first  stages  of  the  lifting  of  the 
air-water  surface,  and  the  head  is  throvm  out  with  a  jerk. 
It  is  also  used  under  certain  conditions  when  the  larva  appears 
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to attempt  to  pry  its  way  into  the  substratum.     Although 
efforts  to  actually  observe  the  mochanisn  of  penetration 
of  the  skin  have  so  far  failed  it  appears  that  this  may 
be  brought  about  by  a  prying  into  the  interstices  betvreen 
the  superficial  cells. 

Stumnary. 

1.  A  series  of  experiments  was  carried  out  to 
detentiine  the  relation  of  certain  physical  and  biological 
factors  to  vertical  migration  of  hool:Tsrora  larvae  in  soil. 

2.  A  brief  account  is  given  of  the  relation  of 
soil  particles  to  soil  moisture  and  soil  air. 

3.  It  is  shown  that  the  larvae  in  the  soil  lie 
•within  the  capillary  filn  of  moisture  surrounding  the  soil 
particles.  They  are  subject  to  pressure  by  the  surface 
forces  and  to  movements  of  moisture  v/-ithin  the  capillary 
zone. 

4.  It  was  shov-m  by  experiments  that  migration 
does  not  begin  until  the  larva  has  reached  the  infective 
stage . 

5.  Prolonged  studies  of  individual  larvae  shorred: 

a.  That  activity  iras  increased  by  in- 
crease of  temperature  up  to  35°C. 

b.  That  activity  was  increased  by  con- 
tact with  other  objects. 

c.  That  activity  was  interrupted  by 
periods  in  '«>rhich  the  larvae  v/ere 
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refractory  to  available  stimuli, 
d.  That  young  larvae  shov^'ed  greater  act- 
ivity than  old  under  all  conditions 
studied. 

6.  Evidence  v/as  obtained  that  the  movements  of 
the  larva?  were  apparent Ijr  readily  oriented  by  movements  in 
the  surrounding  soil  water.  It  appeared  that  in  the  migration 
observed  in  both  field  and  laboratory  experiments  this  form 

of  stimulus  played  a  greater  part  in  orientation  than  did 
thermal  stimuli.   If  this  is  the  chief  orienting  stimulus  it 
goes  far  to  explain  the  restricted  nature  of  lateral  migration 
of  larvae  on  a  horizontal  surface  and  of  vortical  migration  on 
a  vertical  surface,  such  as  the  wall  of  a  pit  latrine. 

7.  Evidence  v/as  obtained  that  the  larva  obtains  re- 
sistance necessary  for  loconoticn  by  making  use  of  the  opposing 
forces  of  the  air-water  film  and  the  solid  substratum. 

8.  Energy  for  migration  must  be  derived  from  nutritive 
material  stored  as  granules  in  endodermal  and  mssodernal  tissues 
of  the  larvae.  The  nature  of  the  grsjiules  was  not  determined  but 
there  appeared  to  be  large  masses  of  some  fatty  substance  and 
smaller  granules  of  some  other  material. 

9.  The  abundance  of  the  granules  vras  taken  as  a  rough 
measure  of  the  physiological  age  of  the  larvae. 

10.  On  the  basis  of  experiments  reported  in  this  and 
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previous  papers,  certain  theoretical  relationships  of 
the  type  of  soil  to  the  energy  requirements  of  migration 
■were  discussed, 

11.   It  vras  sho\TO  that  the  ralativoly  slow  util- 
ization of  nutritive  material  which  occurred  in  larvae  T/hich 
were  erect  on  the  surf ace  o f  the  soil  was  probably  due  to 
a  meclianisE  for  the  conservation  of  energy  such  as  has  been 
suggested  in  the  activity  of  smooth  muscle  in  other  animals. 
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IV.  THE  RELATION  OF  THE  PHTSIOLOGICAL  AGE  OF  HOOEVOHM 
LARVAE  TO  THEIR  ABILITY  TO  INFECT  THE 
HDIAAK  HOST. 

Introduction. 


The  demonstration  of  the  rapid  loss  of  food 
granules  in  infective  N.  americanus  larvae  in  experiments 
conducted  in  Trinidad  and  Porto  Rico  at  once  brought  up 
the  question  whether  larvae  in  v.'hich  practically  all  of 
the  nutritive  granules  have  disappeared  can  enter  the 
huoan  host  and  establish  themselves.  The  importance  of 
this  problem  was  shown  by  the  fact  that  all  larvae  which 
migrated  to  the  surface  from  feces  which  had  been  buried, 
after  the  manner  v/hich  has  been  standardized  for  night 
soil  disposal  in  some  countries,  were  of  the  type  in 
question.   It  was  also  found  in  the  field  studies  con- 
ducted at  the  sane  time  and  reported  in  this  series  that 
a  large  proportion  of  the  larvae  recovered  from  areas  of 
soil  pollution  had  utilized  nearly  all  of  their  nutritive 
material.  Since  it  is  quite  obvious  that  the  larva's  life 
span  outside  the  host  is  limited  by  the  supply  of  stored 
nutritive  material,  the  physiological  age  of  the  larva  may 
be  roughly  measured  by  the  number  of  granules.  For  the 
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purposes  of  this  study,  the  tern  young  larvao  v/as 
applied  to  those  in  which  the  granulation  vfas  abundant, 
obscuring  the  details  of  internal  structure,  -while  the 
term  old  larvae  was  applied  to  such  larvae  as  had  £o\t 
granules.  The  latter  vcere  transparent  and  gav~~e  a 
clear  picture  of  the  internal  organs.   Looss  (1911, 
p.  508)  studied  the  relation  of  the  age  of  larvae  to 
the  ability  to  penetrate  the  skin  and  his  view  is  sum- 
marized as  follows,  "The  age  of  the  larvae  has  some  in- 
fluence on  the  realization  of  the  skin  infection  in  so 
far  as  old  larvae  seem  to  seize  an  opportunity  of  pene- 
trating more  eagerly  than  those  which  have  only  just 
reached  the  stage  of  maturity. "  He  quotes  Schilf fner 
(1905,  p.  689)  in  support  of  this  view. 

Experimental  Llethods. 
The  studies  on  this  subject  were  carried  out 
by  infecting  dogs  with  mature  larvae  of  A.  caninxim  and 
himan  volunteers  with  mature  larvae  of  N.  americanus. 
The  major  part  of  the  experiments  was  carried  out  in 
Baltimore  but  two  experimental  infections  were  produced 
in  volunteers  v.'hile  in  Porto  Rico  as  a  preliminary  measure. 
The  human  subjects  used  were  adults,  tvro   of  whom  were   free 
from  previous  infestation.   The  tliird  had  a  light  infestation 
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with  N.  americanus  when  the  experiment  was  begun.  Seven 
dogs,  belonging  to  two  litters,  were  used.  The  first  litter 
v/as  about  six  months  old  at  the  beginning  of  the  experiment. 
It  contained  three  dogs,  two  of  which  vrere  used  for  experiments 
while  the  other  vras  maintained  to  supply  infectious  material. 
The  second  litter  v/as  six  creeks  old  vrhen  infected.  It  consisted 
of  four  puppies  v/hich  vrere  of  about  equal  size  and  development, 
llaturo  larvae  for  the  experiments  vrero  obtained  from 
cultures  nade  in  heated  soil.  They  were  isolated  from  the  cult- 
ures on  the  fifth  to  the  seventh  day.  Some  of  the  larvae  which 
were  tc  be  aged  were  placed  in  loose  soil  to  migrate  until  the 
desired  condition  had  been  attained.  Others  were  placed  on 
the  surface  of  soil  and  were  allcred  to  exhaust  their  nutritive 
material  when  they  were  again  isolated.  Before  use  all  larvae 
were  washed  by  one  or  more  transfers  through  clean  water.  All 
larvae  used  were  car sfully  examined  microscopically  and  vrere 
counted.   In  infecting  human  subjects  the  skin  of  the  fore  arm/"*^^^ 
used  as  the  site  of  entrance,  in  dogs  the  abdominal  skin  adjac- 
ent to  the  groin  was  used.   The  microscopic  slide  or  coVer-glasa 
on  which  the  larvae  had  been  counted  was  then  inverted  and  placed 
on  the  chosen  site.   It  was  left  in  position  until  the  fluid 
had  evaporated,  v/hich  required  thirty  minutes  or  more.  Those 
dogs  which  were  infected  by  mouth  received  larvae  v/hich  had 
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been  Trashed  from  the  microscopic  slide  to  pieces  of 
bread  or  into  a  hard  gelatin  capsul  which  contained 
crmnbs  of  dry  bread.   In  order  to  avoid  accidental 
loss  of  the  larvae  before  reaching  the  stomach  the 
first  capsule  was  enclosed  in  a  larger  capsule. 

Thorough  microscopical  examinations  of  the 
feces  of  all  of  the  experimental  subjects  were  made 
before  the  administration  of  larvao.  Frequent  exam- 
ination of  the  feces  vms  begun  about  tv/o  weeks  after 
the  infection.  As  soon  as  ova  were  found  by  the  exam- 
ination of  smears  the  estimation  of  the  output  of  hook- 
worm eggs  by  the  Stoll  method  was  begun.   In  the  major- 
ity of  cases  the  egg  counts  were  made  by  LIr.  Stoll  to 
vrhom  I  am  greatly  indebted  for  this  work.   In  some  of 
the  subjects  the  entire  output  of  feces  was  saved  for 
a  period  of  several  weeks  and  daily  egg  counts  were 
made,  in  other  cases  egg  counts  vrere  made  at  irregular 
intervals.  IDvsry  precaution  iras  taken  in  order  to 
approach  uniformity  in  the  experiments.  The  dogs  were 
kept  in  separate  cages  under  the  sane  conditions  and 
were  fed  each  day  the  same  weighed  amount  of  dog  biscuit 
and  milk. 
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Experimenta  in  Detail, 
Volunteers   1  and  2.     These  subjects  were 
young  adults  who  had  had  no  knovm  previous  infestation 
with  any  related  parasite.     They  were  used  for  prelimin- 
8.ry  infestations  and  reference  has  been  made  to  thorn  by 
Stoll   (1923)  and  by  Augustine    (1923).      In  the  case   of 
Volunteer  1,  twenty-five  moderately  nourished,  unsheathed 
N.   americanus  larvae  were  placed  on  the   skin  of  the  fore- 
arm covered  with  filter  paper,  and  a  bandage  was  applied. 
About   fifteen  minutes  later  tingling  and  itching  began* 
The  bandage  was   retained  for   one  hour  and  upon  its  re- 
moval  tvrenty  punctate  areas   of  injection  were  counted  and 
were  interpreted  as  points  where  larvae  had  entered.      In 
the  case  of  Volunteer  2,  the  technique  was  the   same  and 
young  mature   larvae  were  used.     Subjective  symptoms   of 
penetration  began  in  about  seven  minutes  and  v/hon  the 
bandage  was  removed  there  vrere  aboirt  forty  lesions. 
Mr.   Stoll  made   several  series  of  egg  counts   on  these  sub- 
jects after  the  infestation  had  been  established.      The 
egg  output   of  Volunteer  1  vras  about  380  eggs  per  gran  and 
that   of  Volunteer  2,   about  600  eggs   per  gram.     The  total 
daily  egg  output   of  eggs  was  about  40,000  and  100,000,  the 
ratio  of  larvae  applied  to  total  daily  egg  output  1:1600 


and  1:2000.  These  figures  may  be  taken  as  roughly 
representing  the  egg  cwtput  which  is  to  be  expeci^ed 
from  an  infestation  produced  by  young  larvae  applied 
under  the  conditions  •vvhich  were  used  in  these  experi- 
ments to  individuals  vj-ho  had  not  been  previously  in- 
fested. 

Volunteer  3.   This  subject  vms  a  young  adult 
with  a  light  infestation  represented  by   an  egg  output 
of  about  48,000  eggs  a  day.  On  November  22,  1922, 
twelve  transparent  and  inactive  larvae  which  had  been 
carefully  selected  from  those  remaining  alive  in  a 
culture  seventy-five  days  old  were  placed  on  the  bare 
forearm  which  had  been  washed  vrith.   soap  and  water. 
On  the  follordng  morning  sixty-nine  similar  larvae 
were  placed  on  the  same  arm.  The  larvae  used  in  this 
experiment  were  from  the  stock  from  which  were  selected 
the  old  larvae  which  were  used  in  the  activity  studies 
previously  described.  There  were  no  signs  of  penetration 
of  the  first  larvae  applied  but  the  application  of  the 
second  lotof  larvae  vms  follo'.red  in  about  fifteen  minutes 
by  a  stinging  sensation  and  two  hours  later  injected  points 
appeared  adjacent  to  some  of  the  hair  follicles.  This  was 
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followed  by  a  mild  "ground  itch"  irith  about  tirenty-five 
lesions.      This  would  indicate  that  about  one-third  of 
the   larvae  were  able  to  penetrate.      On  the  fourth  day 
after  the  application   of  the   larvae  hoarseness  with  a 
slight   cough  developed.     The  laryngeal  symptoms  which 
lasted  about  a  week,  were  at  tiraes   so  severe  as  to 
produce  aphonia.     The   cough  was  paroxysmal  and  was 
severe  during  the  first  week  and  persisted  in  a  milder 
degree  for  two  weeks   longer.     Examination  of  the  blood 
on  Noveinber  22,   shotted  eosinophiles  8  per  cent,   on 
November  28,   14  per  cent,   on  Llarch  3,   1923,   14  per  cent. 
No  counts  were  made  during  the   intervening  period. 

Daily  egg  counts  were  begun  by  llr.  St  oil  on 
this  subject  on  December  22,   1922  and  vrere   continued 
through  February  1,   1923.     The  entire  fecal  output  was 
collected  and  weighed  so  that  an  estimate  of  the  daily 
output   of  hoolarorm  eggs  oould  be  made.     The  average 
daily  output  for  each  vreek  was  calculated  and  the  results 
have  been  incorporated  in  Table  I  and  they  are  shown 
graphically  in  Figure   I.     They  show  that  there  was  no 
rise  in  egg  production  until  the  seventh  week  after  the 
infection.     The  egg  output  rose  from  about  48,000  to 
about  86,000,  an  increase   of  ,18,000.     The  ratio  oi. 
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Table  I. 

Dailj'  average^  bf  Voluntoor  5  by  weeks  from  day 
of  infection. 


Date         ".  eeks  from  infection   Average  dailji"  output 
First  Infection 


Dec.  22-28 

5 

49,300 

"   29 -Jan.  4 

6 

47,400 

Jan.  5-11 

7 

62,600 

"  12  -  18 

8 

71,000 

"  19  -  25 

9 

36,700 

"  26  -Feb.  1 

10 

Second  Infection. 

85,700 

Mar.  18-24 

3 

89,700 

"   25-31 

4 

84,400 

Apr.  1  -7 

5 

117,500 

"   8  -14 

6 

139.500 

"  15  -  21 

7 

143,600 

144 


120 


n  72 


48 
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Figur©  I.  Volunteer  3.     Average  daily  egg  output  by  \reeks, 
follovring  tvro  infections  v/ith  N.   americanua   on 
on  the   skin. 


1 — 2 — 3 — ? — 5 — 5 — 7 — 8 — 9 — 

v.'eeks  from  first   infection 


10- 


1     2     ;5 — 4     5     6     7 — 8  9     10 

vreoks  from  second  infection 
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of  larvaa  applied  to  increase  in  daily  egg  outpjt  vcas 
1:470. 

On  llarch  3,   1923,  the  sane   subject  vma   infected 
with  81  vrell  nourished  young  larvae,   27  of  which  were 
placed  on  the   left  ara  and  54  on  the  right  arm.     Subjective 
symptoms   did  not  appear  for  a  half -hour  and  then  they  vrere 
less   severe  than  in  the  previous    infection.      It  was  possible 
to  distinguish  about  twenty  lesions   on  the  left  arm  and 
about  forty  on  the  right  arm.     Cough  and  larjmgitis  devel- 
oped on  the  third  day  and  vrere  quite  severe  for   one  v/eek 
when  the  onset    of  a  mild  respiratory  infection  masked  the 
symptoms.     The  eosinophiles ,  which  constituted  14  per   cent 
of  the   leucocytes  on  lilarch  3rd  were  11  per  cent   on  March 
7,   12  per  cent,  on  March  12,    14.5  per  cent   on  March  15, 
I'i.i  per  cent   on  !fe.rch  22,/l0]?er  cent   on  March  29. 

Egg  counts  were  again   begun  on  !,Iarch  18  and  the 
same  procedure  via.s  follovred  as  in  the  earlier  infectioci* 
The  average  daily  output  for  each  week  is  shown  in  Table  I 
and  in  Figure  I.      It  is  shovm  tliat  the  egg  output  had  re- 
mained practically  stationary  from  February  1st  to  March 
18th.     The   rise  in  egr^  production  began  in  the  fifth  week 
and  at  t'na   ^nd  of  the  seventh  week  it  had  risen  from 
89,000  eggs   per  day  to   143,600,   an  increase  of  53,900  eggs 
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per  day.  The  ratio  of  larvae  applied  to  increaso  in 
daily  output  '.ras  1:665.  Although  the  curve  of  daiiy 
ess  output  sho^.Ts  a  tendency  to  become  horizontal  it 
is  possible  tlia':  an  additional  increase  may  yet  be 
shoirn.  The  daily  eg^  counts  are  being  continued  to 
determine  this  point. 

Dog  2.  Age  five  months.  November  25,  1922, 
70C  young  larvae  ;rer9  applied  to  the  skin  of  the  rroins. 
The  do3  showed  no  discomfort  during  the  operation  and 
it  was  not  possible  then  or  later  to  demonstrate  lesions 
produced  by  the  entrance  of  the  larvae.  One  hoolcrorm 
egg  was  found  on  a  smear  made  on  December  22.  Egg  counts 
■were  then  made  by  Mr.  Stoll  at  intervals  during  the  re- 
mainder of  the  experiment.  On  Doceraber  29  the  egg  output 
was  estimated  to  be  28,700.  Estimated  outputs  for  the 
remainder  of  the  period  of  study  are  indicated  graphically 
in  Figure. II. 

On  January  15th  the  experiment  was  repeated,  700 
young  larvae  being  placed  on  the  skin  of  the  groin.  A  few 
lesions  '.rere  seen.  On  January  29  this  dog  began  to  pass 
masses  of  blood  and  mucus  and  this  \ras  frequently  repeated 
until  the  sixth  week  after  the  infection.  The  egg  output 
showed  no  increase  due  to  this  infection  but  on  t'le  contrary 
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sho-A'od  a  tondency  to  diminish  up  to  the  end  of  tho 
expsriment.      The  egg  output  found  in  this  dog  vr&s 
probably  duo  to  the  first   infection.      It  amounted  to 
about   440,000  eggs  a  day.      The  ratio  of  larva  applied 
to  the  resulting  daily  output  vras   1:630.     On  March  20 
the  dog  ■vras  killed  and  there  were  rscovorod  71  A.   canin- 
un  of  Tfhich  37  were  femaloa   and  24  Virere  males. 

Dog  3»     Age   six  months,   member   of  same  litter 
as  Dog  2.         On  January  15,  7M-  young  larvae  were  fed  on 
a  piece  of  bread.     Tlithin  a  half  hour  the  dog  vomited 
some  bread  and  fecal  material.      The  vomitus  vms  placed 
in  an  isolation  apparatus  and  33   larvae  were  recovared. 
It  was  assumed  that  about    700  larvae  were  retained  by 
the  dog,     January  28  nine  ascarids  were  expelled  and 
from  this  time  the  dog's  general  condition  was  below  par, 
her  appetite  v/as   poor  and  from  time  to  time   she  passed 
masses   of  blood  and  mucus.     Thesa  symptoms  continued 
through  the  fifth  week  after  the   infection.     A  fecal  smear 
examined  on  February  3rd  was  negative  for  hoo!<worm  eggs 
but  an  egg  count  made  on  February  4th  by  lir.   Stoll  showed 
an  o\itput   of  100,000  eggs.     Daily  egg  counts  were  continued 
through  the  eighth  week  after  infection  and  the  data  are 
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sha.m  graphically  on  Figure  2.   The  daily  output  during 
the  eighth  weak  vras  545,000  eggs.  The  ratio  of  larvae 
applied  to  the  resulting  daily  egg  output  vj-as  1:779. 
On  I,Iarch  10,  the  dog  vras  killed  and  122  A.  oaninxm  were 
found  of  .'diich  57  were  females  and  65  v;ere  males. 

Dog  4.  Age  six  weeks.  On  February  16,  705 
old  larvae  were  placed  on  the  skin  of  the  groins.  On  the 
follaring  day  a  few  lesions  were  noted.  No  symptoos  of 
the  infestation  were  shoira.   On  March  5  examination  of 
the  feces  by  smear  and  salt  flotation  were  negative. 
On  March  6th  an  egg  count  showed  an  estimated  output  of 
2,900  eggs  a  day.  The  data  shown  by  daily  egg  counts 
during  the  remainder  of  the  experiment  are  to  be  found 
on  Figure  III.  The  average  egg  output  for  the  last 
seven  days  of  the  experiment  vra.3  69,000.  The  ratio  of 
larvae  applied  to  the  resulting  egg  output  per  day  was 
1:99.  On  March  26  the  dog  v/^as  killed  and  10  A.caninum 
were  recovered,  8  of  '.Thioh  were  females  and  2  males. 

Dog  5.  Age  six  wegks  same  litter  as  Dog  4. 
On  Fob.  16,  700  old  larvae  fron  the  sane  lot  as  those 
which  vrera  administered  to  Dog  4  -rere  fed  on  a  piece  of 
bread.  He  ?ra.s  watched  for  an  hour  and  no  vomiting  oocurrod. 
On  March  6th  he  be^an  to  pass  masses  of  blood  and  mucus. 
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A  fecal  smear  on  March  2nd  vras  positive  and  daily  egg 
counts  vrei-e   begun.  The  data  obtained  is  plotted  in 
Figure  3.  The  avorage  egg  output  of  the  last  five  days 
was  986,000,  the  ratio  of  larvae  administered  to  egg 
output  being  1:1,410.  The  dog  rTas  killed  on  March  27 
and  97  A.  caninun  vrere   recovered  of  vrhioh  48  ^^er'J   fe- 
males and  49  were  males. 

Dog  7,  Age  six  weeks,  same  litter  as  dogs 
4  and  5.  On  February  19,  698  old  larvae  vrhich  vrare  in 
a  slightly  better  condition  withjrespect  to  nutritive 
granules  than  those  vrhich  wera  administered  to  dog  5 
were  given  in  a  capsule.  He  was  watched  for  an  hour 
and  no  vomiting  occurred.  Diarrhoea  iTith  blood  and 
mucus  began  on  March  7  and  continued  at  intervals 
throughout  the  experiment.  His  appetite  vras  often  very 
poor.  The  first  positive  fecal  smear  was  obtained  on 
March  5t"h,  daily  egg  counts  were  begun  and  the  results 
are  sha-m  in  Figure  III.  The  average  egg  output  of  the 
l8.st  four  days  of  the  exp  riment  was'807,500  ,  the  ratio 
of  larvae  administered  to  the  resulting  egr;  output  being 
1:1,157.  On  Iferch  29  the  dog  ims  killed  and  168  A.  caninum 
were  found,  of  which  89  were  females  and  79  males.  In  this 
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caso  the  -.Toinais  were  distributed  throughout  the  length 
of  the  small  intestine  v/hile  in  the  previous  cases  thoy 
were  more  concentrated  in  the  upper  half  of  the  organ. 

Dog  6.  Age  six  weeks,  s;une  litter  as  dogs 
4,  5  and  7.  On  February  19,  700  young  larvae  v/ero  adnin- 
istered  in  a  capsule.  He  vms  veatched  for  one  hour  and 
no  vomiting  occurred.  This  dog's  appetite  was  poor 
throughout  the  experiment,  blood  and  mucus  was  noticed 
at  the  beginning  of  the  second  week  and  continued  for 
the  remainder  of  the  experiment.  A  fecal  specimen  vras 
found  positive  on  March  5,  and  daily  egg  counts  wery 
begun.   The  results  are  given  in  Fi;^re  III.   The  average 
egg  output  of  the  last  six  days  of  the  experiment  was 
2,233,000,  the  ratio  of  larvae  adrainistered  to  the  resulting 
egg  output  being  1:3,197.  On  Ilarch  28  the  dog  was  killed 
and  379  A.  caninum  were  recovered,  of  which  191  wore  feimles 
and  138  were  inales.  The  ■roi'ms  vrere  distributed  throughout 
the  small  intestine  andja  few  were  found  in  the  large  intestine. 
Discussion  of  Results. 

In  this  series  of  eleven  experimental  infections, 
four  of  /rhich  were  with  TJ,  ajnericanus  and  seven  with  A.  caninum 
there  was  only  one  in  which  there  was  an  apparent  failure  of  the 
larvae  t^  establish  themselves.  This  was  in  one  of  the  older 
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dogs  TThich  had  an  active  infestation  of  seven  '.reeks 
duration  at  the  time  of  tho  unsuccessful  inoculation. 
The  larvae  which  failed  were  young  and  were  apparently 
in  excellent  condition  so  the  reason  for  the  failure 
nmst  be  sought  in  some  factor  other  than  physiological 
age. 

In  the  Volunteers  vrho  were  infected  with  N. 
aaericanus  it  was  unfortunately  impracticable  to  obtain 
the  worm  index  because  it  was  necessary  to  use  these 
experimental  infestations  for  other  purposes.  The  comparisons 
used  in  this  study  must  be  based  on  tho  ratio  of  the  larvae 
applied  to  the  skin  to  the  resulting  egg  output.  The  data 
in  Table  II  show  that  in  the  cases  Volunteer  1  and  Volunteer 
2  v/ho  received  as  their  first  infection  young  larvae  this 
ratio  was  1:1,600  and  1:2,000.   In  Volunteer  3  an  infection 
with  old  larvae  gave  a  ratio  of  1:470  while  a  subsequent 
infection  with  young  larvae  gave  a  ratio  of  1:665.   It  is 
calculated  by  Stoll  that  17  worms  or  68  per  cent  of  the 
larvae  applied  reached  maturity  in  Volunteer  1,  The  estimated 
number  of  worms  in  Volunteer  2  is  28  or  56  per  cent  of  the 
larvae  applied.   Applying  the  same  factors  to  the  data  from 
Volunteer  3,  who  had  a  previous  infestation  it  appears  that 
from  the  infection  with  81  old  larvae  9  worms  or  11  per  cent 
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Table    II. 
The  suair.ary  of  data  obtained  in  infection  experiments 
•srith  young  and  old  larvae  of  N.   americanus 
and  A.   caninum. 


Type  of 
larvae 


No.  used 


W.  americanus 


Young 

25 

" 

50 

Old 

81 

Young 

81 

A.  caninum 

Youns 

700 

" 

700 

II 

700 

Old 

705 

II 

700 

II 

698 

Your.g 

700 

Dubject     Hovr  in-       Appearance     Ratio  of         No. of 

oculated       of  ova  No.larvao       worns  found 

to  daily 
eg 3  output 


Vol.1 
"  2 
"  3 
"     3 

Dog  2 


skin 


skin 
II 

mouth 

skin 

mcjuth 


1:1600 

1:2000 

7th  vreek  1:   470 

5th     "  1:    665 


27  days 

1:  630 

71 

No  increase 

20  days 

1:  779 

122 

17  " 

1:   99 

10 

14  " 

1:1410 

97 

14  " 

1:1157 

168 

14  " 

1:3197 

379 
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csuae  to  maturity,  while  from  the   subsequent   infection 
14  iToras  or  17  per  cent  had  come  to  maturity  at  the  end 
of  the  seventh  week.       The   disparity  betTTeen  the  percentages 
coming  to  maturity  in  the  first  twfo  casss  and  in  the  third 
indicate  that  there  was   seme  factor  other  tlrnn  physiological 
age  which  was   operative  but  the  difference  in  the  percentage 
of  the  two  types  of  larvae  which  established  themselves 
in  Volunteer  3  dsmonstrates  a  greater  power  to  infect   in 
the  young  larvae  than  in  tho   old.      This  is  borne   out  in  the 
experiments  with  A.   caninum  in  dogs.       This   conclusion  is 
also  in  harmony  with  the  resiilts   of  studiel.  on  tho  differ- 
ences in  the^Jjrv  young  and  old  larvae.       Tihen  it   is   considered 
that  the   old  larvae  -.Thich  were  used  in  these  experiments  were 
both  ph^'siologically  and  actually  the   oldest   larvae  which  it 
has  been  possible  to  obtain  for  the  purpose  and  were  as   old 
as   are  likely  to  be  encountered  in  numbers  in  the  field,   it 
must  be  recognized  that   some  power  to  infect  is  retained  to 
the  end  of  the   larva's   life   span. 

The   data  which  weS" obtained  in  the  experiments  vj-ith 
A.    canin\un    may  be  simply  tabulated  as  folloirs: 


found 

9 stab 11 

skin 

71 

10 

mouth 

122 

18 

" 

379 

54 

skin 

10 

1 

mouth 

97 

14 

It 

168 

24 
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Age     of  Subject       Age       Hovr  inoculated     No. of       P.    C.   of 

larvae  ^°^'^2       larvae  _ 


Young  D  2  5  mos. 

"  D  3  6     " 

"  D  6  6  vj-ks. 

Old  D  4 

D  5  " 

It  0  7 


Considsring  first  the  young  dogs,  which  were  all  of  the  same 

litter,  and  irere   believed  to  have  had  no  previous  infestation 

hook- 
withAor;.is,  the  greater  number  of  young  larvae  which  came 

to  maturity  was  striking.   It  is  also  obvious  that  v/here  the 

same  larvae  were  used  by  the  same  route  of  infection  but  in 

dogs  of  different  ages  as  in  dog  3  and  dog  6,  in  which  young 

larvae  were  used  by  mouth  the  greater  inf3st:Htion  was  obtained 

in  the  younger  dog.  This  bears  out  statements  of  Looss  (1911, 

p.  506).  TThere  dogs  of  the  same  age  received  similar  larvae 

by  different  routes  the  greater  infestation  occurred  in  the 

dog  receiving  larvae  by  mouth. 

These  experiments  add  some  evidence  to  the  work  of 

previous  observers  on  the  time  required  for  ova  to  appear  after 

skin  and  mouth  infections.  The  time  required  for  the  development 
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of  N.^  americanus  in  an  infection  v.dth  old  larvaa  vms 
sevon  ireeks   vrhila  in  a  subsequent  infection  in  the  same 
subject  -rith  young  larvae  it  vms  five  v/eaks.  The  time 
required  by  A.  canimun  varied  from  14  to  27  days*  There 
vras  no  significant  variation  apparent  bet^reen  young  and 
old  larvae  in  the  younger  dogs.  The  development  of  both 
types  of  larvae  vvas  more  rapid  in  the  young  dogs  than 
in  the  older  ones« 

It  has  been  shown  in  the  case  of  Volunteer  3 
with  W.  americanus  and  Dog  2  with  A»  caniniun  that  in  the 
presence  of  a  prior  infestation  the  development  of  larvae 
was  not  so  groat  as  in  other  subjects  in  vfhich  such  prior 
infestation  was  not  present.  Many  more  cases  would  be 
required  to  establish  this  observation  as  a  constantly 
occurring  phenomenon.  Neither  can  anything  more  than 
suggestion  be  made  as  to  the  mechanism  by  which  this 
failure  to  dev3iop  may  have  occurred.   It  cannot  be  said 
v/hether  the  larvae  themselves  met  vdth  additional  resist- 
ance during  the  time  spent  within  the  tissues  of  the  host, 
whether  the  environment  of  the  infested  intestine  was 
unsuitable,  or  whether  the  arrival  of  a  new  lot  of  larvae 
produced  an  intestinal  disturbance  which  resulted  in  the 
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expulsion  of  some   of  the  worms  -sjiiich  were  already  est- 
ablished.    In  a  number  of  the  dogs  it  was  noted  that 
there  were   intestinal  disturbances  at  the  time  when 
worras  were  beginning  to  come  to  maturity.      At  this 
time  there  \Tas  evidence   of  tenesmus  and  the  expulsion 
of  considerable  quantities   of  blood  and  Inucus.      In 
three  cases  ascarids  wore  expelled  during  such  a 
disturbance.      It  appears  to  be  of  considerable  pract- 
ical importance  that  a  study  should  be  conducted  to 
determine  whether  the  existence  of  a  hooir.Torm  infest- 
ation renders  the  establish^ment  of  additional  worms 
more  difficult.     The  demonstration  of  sucHa  ptenomenon 
would  throw  light  on  the  disparity  which  is  known  to 
exist  between  the  exposure  of  laborers  to  infection  in 
some   countries  and  tho  known  rate  of  acquiring  addition- 
al worms  to  which  attention  has  been  called  by  Darling 
(1922). 

Suminary. 
1.     Experimental  infections  vrero  produced  in 
three  human  subjects  with  N.  amerioanus   larvae  and  in 
six  dogs  with  A.   oaninum  lajrrae  in   order  to  test  the 
ability  of  larvae  v/hich  had  utilized  nearly  all  of  their 
nutritive  material  to  infect  the  host  as  compared  with 
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the  ability  of  young  and  well  nourished  larvae. 

2.  Larvae  vrere  artificially  aged  by  migrations 
under  laboratory  conditions. 

3,  The  e::cperiments  with  !T«  americanus  indicate 
that  even  the  oldest  larvae  obtainable  retained  some  povrer 
to  infect  but  this  power  was  not  so  great  as  that  possessed 
by  the  young  larvae. 

4,  The  experiments  -with  A.  caninxm  confirmed  the 
results  of  the  experiments  'srith  N.  americanus. 

5.  Evidence  was  obtained  that  a  prior  infestation 
may  have  some  influence  in  rendering  the  establishment  of  a 
new  infestation  more  difficult. 
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